CHAPTER 11. ESTIMATING SMOKE DETECTOR RESPONSE TIME

11.1 Objectives

This chapter has the following objectives:

. Introduce the critical factors that influence smoke detector performance.
. Identify the various types of smoke detectors.
. Describe how to estimate the response time of a smoke detector.

11.2 Introduction

Reliable fire detection is an essential part of the fire protection program in nuclear power plants
(NPPs), it relates to both fire control or extinguishment and safe evacuation of occupants. Most of
the devices associated with fire detection and suppression are typically located near the ceiling
surfaces. In the event of a fire, hot gases in the fire plume rise directly above the burning fuel and
impinge upon the ceiling. The ceiling surface causes the flow to turn and move horizontally
beneath the ceiling to other areas of the building located at some distance from the fire. The
response of detection devices (heat/smoke detectors) and sprinklers installed below the ceiling
submerged in this hot flow of combustion products provides the basis for the building’s active fire
protection features.

Smoke and heat detectors are best suited for fire detection in confined spaces, where rapid heat
generation can be expected in the event of a fire. Smoke and heat detectors have been installed
extensively in most NPPs. Generally, such detectors are installed as part of a building-wide alarm
system, which typically alarms in the main control room (MCR). The purpose of such systems is
to provide early warning to building occupants, and rapid notification of the fire brigade. Some
detection devices will also perform the function of automatically actuating suppression systems and
interfacing with other building systems such as heating, ventilation, and air-conditioning (HVAC).

Detection is critical to fire safety in NPPs since a potential fire hazard may jeopardize safe plant
shutdown. Consequently, safety-related systems must be protected before redundant safety-
related systems become damaged by a fire.

Throughout the nuclear industry there has been considerable responsive action relative to the
nuclear safety-related fire protection and incorporating sound fire protection principles in nuclear
facility design. New standards, regulatory guides, and criteria have been publicized since the fire
atthe 1975 Browns Ferry Nuclear Power Plant (BFNP). Recognizing the unique characteristics of
fires in NPPs, requirements have been established for locating smoke detectors. Particular
emphasis has been given to establishing criteria for early warning detection of electrical cable fires.
Figure 11-1 shows a qualitative relationship between time and damage for different rates of fire
development and average detection reaction and fire fighting.



11.3 Characteristics of Smoke Production

Two essential factors influencing the performance of smoke detectors are the particle size of the
smoke and the fire-induced air velocities. The velocities created by the thermal column tend to
diffuse the smoke through the upper wall and ceiling regions of the enclosure where the particles
enter the detector and activate the unit. For example, residential detectors respond effectively to
air flow velocities above 0.25 m/sec (50 ft/min) generated by flaming combustion. The same
detectors may fail to respond when the fire-induced thermal column velocities created by the
smoldering fire are below 0.15 (30 ft/min).
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Figure 11-1 Qualitative Relationship Between Time and Damage

for Different Speeds of Fire Development and Average Detection, Reaction, and Fire Fighting
(NUREG/CR-2409, “Requirements for Establishing Detector Siting Criteria in Fires Involving Electrical Materials”)



Smoke production of a given fuel material varies with the sample size, arrangement, and
configuration of the fuel; material moisture content; and ignition energy. Custer and Bright (1974)
reportthatthe earliestindication of a fire occurrence usually involves the heating of materials during
the pre-ignition stage, which produces submicron particles ranging in size from 5x10*-1x10°
micrometer. Custer and Bright also reported that the size of the particle produced by the diffusion
flame combustion varies with the heating of the atmosphere and the development of the fire
progressing from smoldering to flaming combustion. Larger particles are formed by coagulation,
with the particle size distribution varying between 0.1 micrometerand 4.0 micrometers. The smaller
particles, below 0.1 micrometer, tend to disappear as a result of the formation of larger particles by
coagulation, while the larger particles tend to settle out through the process of sedimentation. The
particle size appears to be one of the most critical variables relative to the operation and
performance of the specific smoke detector unit, considering that the detector is suitably located
to be exposed to the smoke concentrations, and it is designed to enhance the entry of smoke into
the detector unit.

Budnick (1984) states that the critical variables affecting the activation of a smoke detector
are as follows:

A smoke detector responds to an accumulation of smoke particulate within the device’s
sensing chamber. In a developing fire, the response will depend on a complex
interrelationship of environmental factors such as fire size and growth rate, fuel type and
smoke generation rate, room geometry and ventilation, and detector characteristics such as
location, smoke entry characteristics and predetermined detector sensitivity thresholds.

Relative to the rate of fire development, diffusion flame combustion appears to vary with the velocity
ofthe flame spread (which isinfluenced by fuel arrangement and configuration), ventilation velocity,
oxygen concentrations, and energy input at ignition.

11.4 Operating Principles of Smoke Detectors

Typically, a smoke detector will detect most fires more rapidly than a heat detector. Visible
products of combustion consist primarily of unconsumed carbon and carbon-rich particles, while
invisible products of combustion consist of solid particles smaller than 5 microns, as well as various
gases andions. NFPA 72, “National Fire Alarm Code™,” defines the types of listed smoke detectors
in the following manner:

. Photoelectric light obscuration smoke detection is the principle of using a light source
and a photosensitive sensor onto which the principal portion of the source emission is
focused. When smoke particles enter the light path, some of the light is scattered and some
is absorbed, thereby reducing the light reaching the receiving sensor. The light reduction
signal is processed and used to convey an alarm condition when it meets preset criteria
(see Figure 11-2).

. Photoelectric light scattering smoke detection is the principle of using a light source and
a photosensitive sensor arranged so that the rays from the light source do not normally fall
onto the photosensitive sensor. When smoke particles enter the light path, some of the light
is scattered bu reflection and refraction onto the sensor. The light signal is processed and
used to convey an alarm condition when it meets preset criteria (see Figure 11-2).
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Figure 11-2 lllustration of the Photoelectric Principle

lonization smoke detection is the principle of using a small amount of radioactive material
to ionize the air between two differentially charged electrodes to sense the presence of
smoke particles. Smoke particles entering the ionization volume decrease the conductance
of the air by reducing ion mobility. The reduced conductance signalis processed and used
to convey an alarm condition when it meets preset criteria (see Figure 11-3).
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Figure 11-3 lllustration of the lonization Principle

Combination detection either responds to more than one of the fire phenomena or
employs more than one operating principle to sense these phenomena. Typical examples
are a combination of heat and smoke detectors or a combination of rate-of-rise and

fixed-temperature heat detectors.



. Projected beam detection uses the principle of photoelectric light obscuration smoke
detection, but the beam spans the protected area.

. Air sampling detection uses a piping or tubing distribution network that runs from the
detector to the area(s) to be protected. An aspiration fan in the detector housing draws air
from the protected area back to the detector through air sampling ports, piping, or tubing.
At the detector, the air is analyzed for fire products.

As a class, smoke detectors using the ionization principle provide a somewhat faster response to
high-energy (open flaming) fires, since such fires produce large numbers of the smaller smoke
particles. Smoke detectors operating on the photoelectric principle tend to respond faster to the
smoke generated by low-energy (smoldering) fires, which generally produce more of the larger
smoke particles. However, each type of smoke detector is subjected to, and must pass, the same
fires at testing laboratories in order to be listed by Underwriters Laboratories (UL).

Combustion product detectors of the ionization type are called spot detectors (meaning that the
element is concentrated at a particular location), and those of the photoelectric type are available
as both spotdetectors and line detectors. A line detector means that detection is continuous along
a path. lonization detectors are usually found as spot detectors for area protection, and may be
modified with air shields or sampling tubes for installation as air duct detectors. Projected beam
photoelectric detectors are most often applied as line detectors for large open area protection. Line
detectors are also beneficial in areas with high ceilings. They give the earliest warnings of
abnormal conditions in these applications by responding to the smoke particles produced by fires.
By contrast spot detectors are typically located in various areas of the building. They typically
protect areas up to 84 m? (900 ft?) depending on ceiling surface conditions and room height.
lonization and photoelectric detectors offer the greatest potential in residential safety. Some
ionization and photoelectric detectors are also manufactured with dual modes of operation.
Specifically, a fixed-temperature, thermal-activation device is also located in the detector.

Most conventional smoke detectors provide a binary go/no-go form of detection. This means that
other than alarm or no-alarm condition, no other information is transmitted to the fire alarm control
unit. Inorderto provide a stable smoke detector, the system design must ensure that the sensitivity
level of the detector matches the environment in the facility to be protected. Newer types of spot
smoke detectors are now capable of providing information on the level of smoke at the device.

Current standards (such as NFPA 72, National Fire Alarm Code®) stipulate the spacing of smoke
detectors based upon tests performed by nationally recognized testing laboratories such as
Underwriters Laboratories (UL 268). An alternative performance design method can be found in
Appendix B to NFPA 72 and is limited to flaming fires no ceilings higher than 8.5 m (30 ft). This
method was developed from an experimental study conducted in the late 1970s for the Fire
Detection Institute (FDI), however, it suffers from certain limitations related to the scope of the
experiments conducted. Nevertheless, this design method introduced some important concepts,
including design of a detection system to activate for a critical fire size (HRR) representing an
acceptable threat level for the protected space. This is a departure from the earlier concept of
detection “as quickly as possible,” which often led to oversensitivity.



Technology improvements in microprocessor use in fire alarm systems have led to development
of new smoke detector concepts. These new sensors use analog technology to measure the
conditions in the protected area, or space, and transmit that information to the computer-based fire
alarm control unit. Thus, the new sensors can report when components are too dirty to function
properly or too sensitive as result of any number of conditions in the protected space. Analog
sensors provide an essentially false-alarm-free system with regard to the conditions that are
normally found in a building. This sensor technology also allows the system designer to adjust the
sensor’s sensitivity to accommodate the ambient environment or use an extra-sensitive setting to
protect a high-value or mission-sensitive area. These sensors are available as photoelectric;
ionization; or combination thermal, photoelectric, and ionization units. As fire alarm system
technology continues to advance and existing NPPs are upgraded, the analog sensors will be the
sensors of choice for any system application, regardless of system size.

11.5 Smoke Detector Response

The response characteristics of smoke detectors are not as well understood as those of sprinklers
and thermal detectors. Smoke detector alarm conditions depend on more than smoke
concentration. Smoke particle sizes and optical or particle scattering properties can affect the
smoke concentration value necessary to reach the alarm condition. For sprinklers and thermal
detectors, measured values of response time index (RTI) characterize the lag time between gas
temperature and sensing element temperature. For smoke detectors, there is no analogous
method to characterize the lag time between gas flow smoke concentration and the smoke
concentration within the sensing chamber. In the absence of understanding the many processes
affecting smoke detectorresponse, smoke detectors can be approximated as low-temperature heat
detectors with no thermal lag (i.e., low-RTI devices).

The time required for automatic actuation of a smoke detector is dependent on fire size, geometry,
type of detector, and environment conditions within the compartment. In many installations, ceiling-
mounted spot smoke detectors have been suggested as one means of fire detection. In some
cases, the actuation time for ceiling-mounted spot smoke detectors may be unacceptably long.
Projected beam smoke detectors may be the preferable means of fire detection. The actuation time
of ceiling-mounted smoke detectors can be estimated by considering the temperature of the smoke
layer (Heskestad and Delichatsios, 1977).



11.5.1 Method of Alpert

Smoke detector activation is identical to that for a heat detector, with the exception of the response
of smoke detectors to a modest rise in the ceiling jet temperature. Heskestad and Delichatsios
(1977) correlated a smoke temperature change of 10 °C (18 °F) from typical fuels.

For steady-state fire, the method for estimating the response of a smoke detector is based on the
correlations developed by Alpert (1972) for activation of a sprinkler and is given by the following
equation (Budnick, Evans, and Nelson, 1997):
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Where:
t.civaion = SPrinkler head activation time (sec)
RTI = Response Time Index (m-sec)”

Ujet = ceiling jet velocity (m/sec)

Tiet = ceiling jet temperature (°C)

T, = ambient air temperature (°C)

T activation= activation temperature of detector (°C)

Factory Mutual Research Corporation (FMRC) developed the RTI concept to be a fundamental
measure of thermal detector sensitivity. A detector’'s RTIl is determined in plunge tests with a
uniform gas flow of constant temperature and velocity and can be used to predict the detector’s
activation time in any fire environment. For the purpose of calculating smoke detector response
time, it is assumed that the smoke detectors are low-RTI devices.



The ceiling jet temperature and velocity correlations of a fire plume in Equation 11-1 are given
by the following expression:
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Where:
Tiet = ceiling jet temperature (°C)
T, = ambient air temperature (°C)
Q = heat release rate of the fire (kW)
H = distance from the top of the fuel package to the ceiling level (m)
r = radial distance from the plume centerline to the detector (m)
Ujet = ceiling jet velocity (m/sec)



11.5.2 Method of Mowrer

Mowrer (1990) developed a smoke detector response time correlation based on the concept of
smoke transport lag time for quasi-steady fires. The response time of a smoke detector comprises
two separate times, including the transport lag time of the plume and the transport lag time of the
ceiling jet, as illustrated by the following equation:

tacﬁ.vatim = 1:pl 22 1:uzj (1 1'6)

Where:
t..ivaion = detector activation time (sec)
t, = transport lag time of plume (sec)
t; = transport lag time of ceiling jet (sec)

The transport lag time of the plume, t, is the time for the fire gases to reach the ceiling at the plume
centerline and can be represented by the following correlation:
4
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Where:
t, = transport lag time of plume (sec)
C, = plume lag time constant = 0.67 (experimentally determined)

H = height of ceiling above top of fuel (m)

[J = heat release rate of the fire (kW)

The transport lag time of the ceiling jet, t., is the time for the fire gases to reach the detector at the
plume centerline and can be represented by the following correlation:
11
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Where:
t; = transport lag time of plume (sec)
r = radial distance to the detector (m)
C, = ceiling jet lag time constant = 1.2 (experimentally determined)
H = height of ceiling above top of fuel (m)

[J = heat release rate of the fire (kW)



11.5.3 Method of Milke

Milke (1990) presented a method for estimating smoke detector response time based on the
enclosure fire testing described in NUREG/CR-4681. The operation of detectors for smoke from
typical fuels has been correlated to a temperature change from the following correlation:
4
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Where:
t.civation = detector activation time (sec)
H = height of ceiling above top of fuel (m)

[J = heat release rate of the fire (kW)

X=46x10vir27x107H v® (11-10)
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Where:
H = height of ceiling above top of fuel (m)

[J = heat release rate of the fire (kW)
AT, = temperature rise of gases under the ceiling for smoke detector to activate

Before estimating smoke detector response time, stratification effects can be calculated.
The potential for stratification relates to the difference in temperature between the smoke and
surrounding airatany elevation and is given by the following correlation (NFPA 92B, Section A.3.4).
2

?4Qf
"ETf'—}c

(11-12)

max

Where:
H...« = the maximum ceiling clearance to which a plume can rise (ft)

iJ. = convective heat release rate of the fire (Btu/sec)

AT, = difference in ambient gas temperature between the fuel location and ceiling level (°F)
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The convective portion of the heat release rate, (J,, can be estimated as 70 percent of the total
heat release rate. Thus, (,is given by the following equation:

Q=1
Where:
% = convective heat release fraction (0.70)

[} = heat release rate of the fire (Btu/sec)

Difference in ambient gas temperature between the fuel location and ceiling level can be estimated
from the following equation:

2
130003
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Where:
AT, = difference in ambient gas temperature between the fuel location and ceiling level (°F)

iJ. = convective heat release rate of the fire (Btu/sec)
H = height of ceiling above top of fuel (ft)

If the H,,,, is greater than H, the smoke would be expected to reach the ceiling-mounted smoke
detector and result in activation.
11.6 Assumptions and Limitations

The method discussed in this chapter is subject to several assumptions and limitations.

(1) The fire is steady state.

(2) The forced ventilation system is off. As ventilation is increased, detector response times
increase.

(3) Both flaming and non-flaming fire sources can be used.

(4) Caution should be exercised with this method when the overhead area is highly obstructed.

(5) The detectors are located at or very near to ceiling. Very near to ceiling would include code

compliant detectors mounted on the bottom flange of structural steel beams. This method
is not applicable to detectors mounted well below ceiling in free air.
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11.7 Required Input for Spreadsheet Calculations

The user must obtain the following information before using the spreadsheet.
(1) heat release rate of the fire (kW)
(2) ceiling height of the compartment (ft)

(3) radial distance from the centerline of the plume (ft)

11.8 Cautions

(1) Use (10_Detector_Activation_Time.xls) and select “Smoke” spreadsheet in the CD-ROM
for calculations.

(2) Make sure to use correct units when entering the input parameters.

(3) Remember that there are broad assumptions within each calculation method because of
the statistical makeup of the test methods. Although a specific method may be a good estimate,
use the results with caution.

11.9 Summary

This chapter discusses three methods of calculating the activation time of smoke detectors under
unobstructed ceilings in response to steady-state fires. In the first method, smoke detector
activation is identical to that for a heat detector, with the exception that the response of the smoke
detector to a modestrise in the ceiling jet temperature has been assumed. In the second method,
the response time of a smoke detector was estimated using the transport lag time of the plume and
the transport lag time of the ceiling jet. In the third method, the operation of smoke detectors was
estimated using the stratification of smoke.
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11.12 Problems
Example Problem 11.12-1
Problem Statement

Estimate the response time of a smoke detector that is located 10 ft radially from the centerline
of a 1,000-kW pool fire in a 13-ft-tall compartment.

¢ r= 10t >
L pAIIANY, LS AIIPY, 7 7711111717,
Smoke L
—— ! _‘\_Betector
e o i S
H=131t /
i} (
6(’1: 1000 kW

VI I
Example Problem 11-1: Fire Scenario with Smoke Detector

Solution
Purpose:
(1) Determine the response time of the smoke detector for the fire scenario.
Assumptions:
(1) The fire is steady state
(2) The forced ventilation system is off
(3) There is no heavily obstructed overhead
Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 10_Detector_Activation_Time.xlIs (click on Smoke_Detector)
FDT?® Input Parameters:

-Heat Release Rate of the Fire |QI = 1,000 kW

-Ceiling Height (H) = 13 ft
-Radial Distance from the Plume Centerline to the Smoke Detector (r)= 10 ft

Results*
Heat Release Smoke Detector Activation Time (tg) (sec)
Rate 1 (kW)
Method of Alpert | Method of Mowrer | Method of Milke
1,000
0.42 0.74 0.26

*see spreadsheet on next page

11-14



Spreadsheet Calculations
FDT®: 10_Detector_Activation_Time.xls (Smoke_Detector)
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Radial Distarc:eto Ceiling Height Ratio Calculstion

rH= 0.7F rH #0015
#0015 50.92 <0.15 1348

T.-T.= 538 ((DerF2EvH

To-T.= 50.92

To= 75.92 (T)

Ceilirg Jet Vel ocity Calculation

u,. = 096 (04H) orrfH=0.15
u.=09s 0 T H W orrH x> 015
b ere U, = ceiling jet wlocity(misec)

0 =heat release rate ofthe fine (000
H = height of cziling abowve top of fusl (m)
r= radial distance fromthe plume centerine to e detector (m)

Radial Oistan:eto Ceiling Height Ratio Caleulation

rfH= O.FF iH =015

#0145 1.53 <015 G0O7
u,= [0.195 013 H* 120" (587
u,= 1533 msses

Srnoke Detector Response Time Caledation
towes = (RTW L D0 I0 (T - TMT - T

Ig-: . = 0.42 sec

HOTE: K tyaaten = "HUN Detector does not activate

METHOD OF MOWRER
References : My, F "Lag Times dssocited WA Detection and Supmession” S Technology, Sugust 900, p. 284,
tactroatem = T +1
it ere t, = detector activation ime (22c)
t, =transport lag time of plume (zec)
1

= transport lag time of ceiling jet (sac)

Trarsport Lag Time of Plume Calcdation
o= G (H A
ih ere t  =transport lag time of plume (zec)
C. = plume lag ime constant
H = height of ceiling abowe top of fusl (m)
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Trarsport Lag Time of Ceiling Jet Calcdation

to= i WY CH)
b ere t. = transport [ag ime of ceiling jet (sec)
C. =ceiling jet lag ime constant
r= radial distance fromthe plume centerdine to the detector (M)
H = height of cziling abowe top of fusl (m)
0 = heat release rate ofthe fire O0
t. = 0.32 sac

Srnokie Detector Response Time Caledation
totroaten S 1o + 1

bc i 0.74 sec
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METHOD OF MILKE
Re B boe s iilike, J, "Smoke e gement iy Covered Malls and Afla,” Fie Technology, Aygestl 000, o223
NEPA 025, "Guide fr Smoke Menagement Systen s i Mzl, 4213, andLange Awas’ 200 Sfibn, Secton A.34.

tocsmton= X H 0™
M here tr vabn = detector activation time (sec)
=460t +2.7 10" YE
H = height of cailing abowe top of fuel (f)
0= heat raleas e rate from ste ady fire (Blulsec)

b ere V= AT H o a
AT.=temperature rise of gases under the ceiling far smak e dete ctor to activate (°F)

Before estimating smo ke detedtor respon=e=ti me, stratification effedt = can be calculded.
NFPA 2B, 2000 Edition, Sedion A.3.4 provides following corrdation to estimate smoke
straification in 3 compartrnent .

Hua =740 ATrec
M here Hma = the ma<imum ceiling clearance towhich a plume can rise ()
Qe = corvective portion of the heat release rate (Btu'z ec)
AT = difference in temperature due to fire bebween the fuel location and ceiling lewvel (°F)

Comvedtive Hea Rdesse Rate Calodlation

Q=0 3

Wi b ere - = convective pottion ofthe heat release rate (Btuwsec)
= heat raleas e rate ofthe fire (Blufsec)
Fe= convective heat releas rate fraction

Q.= E53.47 Btuk ec

Oiff erence in Temperature ODueto Fire Between the Fuel Locaion and Ceiling Lewel

ATpc= 1300 & FH

Mthere AT = difference in temperature due to fire between the fuel location and ceiling level (°F)
Q= corective portion ofthe heat release rate (Btuwsec)

H = ceiling height above the fire source ()
ATt = 1375890 °F

Sroke S‘tratifi-:iatinn Effe-:ts
Hima = 740§ ATed
Hmax = 1303 it

In this case the highest point of smoke rse iz edimated to be 1203 #
Thusz, the smoke would be expected to reach the ceiling mounted sm oke detectar.

Y = ATq H%r g™
= 1241

K=dg oty 270"
%= 0.0

Smoke Da ector Response Time Caloulstion
txt-_“m: x H l..‘l”]l.s

|kao'l'\n'l-:-n = 0.25 ==c ”_m
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Summary of Result:

Calculgion Method Smoke Deted or Response Ti e [Sec]

METHOD OF ALFERT 0.42
METHOD OF MOWRER 0.74
METHOD OF MILKE 026

11-18



Example Problem 11.12-2

Problem Statement

During a routine inspection, an NRC resident inspector finds a stack of 4-ft-high wooden pallets
left in the NPP after a recent MOV modification. When the inspector questions the licensee about
this transient combustible, the licensee assures the inspector that if the transientignited, the smoke
detection system would alarm in less than 1 minute.

The SFPE Handbook provides test data for a stack of 4-ft-high wooden pallets, from which the HRR
can be estimated at 3.5 MW.

The compartment has a 25-ft ceiling with the smoke detectors spaced 30 ft on center. The pallets
are located in the worst position (i.e., in the center of four smoke detectors).

How long does it take the smoke detector to alarm?

Solution
Purpose:
(1) Determine the response time of the smoke detector for the fire scenario.
Assumptions:
(1) The fire is steady-state.
(2) The forced ventilation system is off.
(3) There is no heavily obstructed overhead.
Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 10_Detector_Activation_Time.xlIs (click on Smoke_Detector)
FDT® Input Parameters:

-Heat Release Rate of the Fire |Q| = 3,500 kW

-Ceiling Height (H) = 25 ft
-Radial Distance from the Plume Centerline to the Smoke Detector (r)= 21.2 ft

Results*
Heat Release Smoke Detector Activation Time (tg) (sec)
Rate @ (kW)
Method of Alpert | Method of Mowrer | Method of Milke
3,500
0.55 1.27 0.67

*see spreadsheets on next page

Therefore, it can be assumed that the smoke detectors would alarm within 1 minute.
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Spreadsheet Calculations
FDT®: 10_Detector_Activation_Time.xls (Smoke_Detector)

CHAPTER 11. ESTIMATING SMOKE DETECTOR RESPONSE TIME
wWersion 18050

Faram &tars s hould be speel1sd DHLY IN THE ¥ ELLCW INFUT PARAMETER BCXES.

INPUT PARANETERS

HeatRe kage Rak of the Fire &0 Seady Saks 330000 kW 331737 Bmgee

Fallal Dktance o the Dol clrh “veve rmore tar 0707 or 10w2 oTte Bted spach™ 2120)n GAEm

He kbt ot Cellhg abvove Top oTFael (H; 250000 TEZm

Actation Tempe ramre otthe Smoke Dekcior T i FE00 °F W00 C

Zmoke DechorReiponie Thme Wikx (RTh ER ]

EMBEIEATTEmpE MR (T [ o) 2smoec
e K

Conuective Heat Rekase Rak Fractbn ) (i1}

Plvme Leg Tine Constant i o (Eope rme vially Detem e d a7

Celllg JetLag Tine Cowstant i Expe e rtally e & m leds 12

Tempe @t e Rle of Gases Uncerte Ce lng 2T 1800 °F 10 %

Bromoke Deechbro scthak

H = .85

ESTIMATING SMOKE DETECTOR RESPONSE TIME
METHOD OF ALFERT
ReRrere® | WEFL Are PraedinSnmiand, 0 Soblen, 203 Ange 38D,
t = RTV@ b T =TT =T
ThE method azznme smoke deBctor b a kow RTIdevbe wih a foed actvation tem e ratare
When t = ik ectoractvaton thie Gec)
ETI =k ®chrmepose tne hiex qn-gech -~
1= g Jetve ocky dnfiech
T.o=cellg | thempe ratare (60
T. =anbErtalremEate (0
T = acthator Emper@atie of de koI O

Calling Jet Temperaturs Caleulaton

T -T.=1E2&y M BriH=0.18
T.-T.=338@J/0 H BIriH=0.18
Wier To=cellhg fttempe atare &0

T.=anbErtalremEate (0
3= conuectle portion oTte hkeat g kae e WD

H= hekyhtorceliing aboue op of iiel in)
= radiald ke mom the |.'I|IITIE‘ cerErle © the dekcior an

Convesdve Heat Releass Rate Caleulation

Q. =3.Q

Where O = conyectbe portion oTthe keat g kase e WG
o= heatekaie @ of e MR KW
.= convectle keatek aie rak wacton

Qe= 2450 g
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Radial Distarc:eto Ceiling Height Ratio Calculstion

rH= 0.55 rH # 015
#0015 36.99 <0.15 10409

T.-T.= 538 ((DerF2EvH

To-T.= 36.99

To= £1.39 ()

Ceilirg Jet Vel ocity Calculation

u,. = 096 (04H) orrfH=0.15
u.=09s 0 T H W orrH x> 015
b ere U, = ceiling jet wlocity(misec)

0 =heat release rate ofthe fine (000
H = height of cziling abowve top of fusl (m)
r= radial distance fromthe plume centerine to e detector (m)

Radial Oistan:eto Ceiling Height Ratio Caleulation

rfH= 085 H =014

#0145 1.73 <015 T
u,= [0.195 013 H* 120" (587
u,= 1726 msses

Srnoke Detector Response Time Caledation
towes = (RTW L D0 I0 (T - TMT - T

Ig-: .= 055 sec

HOTE: K tyaaten = "HUN Detector does not activate

METHOD OF MOWRER
References : My, F "Lag Times dssocited WA Detection and Supmession” S Technology, Sugust 900, p. 284,
tactroatem = T +1
it ere t, = detector activation ime (22c)
t, =transport lag time of plume (zec)
1

= transport lag time of ceiling jet (sac)

Trarsport Lag Time of Plume Calcdation
o= G (H A
ih ere t  =transport lag time of plume (zec)
C. = plume lag ime constant
H = height of ceiling abowe top of fusl (m)
0 = heat release rate ofthe fire OO0
t,= 0.EE zag

Trarsport Lag Time of Ceiling Jet Calcdation

to= i WY CH)
b ere t. = transport [ag ime of ceiling jet (sec)
C. =ceiling jet lag ime constant
r= radial distance fromthe plume centerdine to the detector (M)
H = height of cziling abowe top of fusl (m)
0 = heat release rate ofthe fire O0
t. = 061 sac

Srnokie Detector Response Time Caledation
totroaten S 1o + 1

bc i 1.27 sec
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METHOD OF MILKE
Re B boe s iilike, J, "Smoke e gement iy Covered Malls and Afla,” Fie Technology, Aygestl 000, o223
NEPA 025, "Guide fr Smoke Menagement Systen s i Mzl, 4213, andLange Awas’ 200 Sfibn, Secton A.34.

tocsmton= X H 0™
M here tr vabn = detector activation time (sec)
=460t +2.7 10" YE
H = height of cailing abowe top of fuel (f)
0= heat raleas e rate from ste ady fire (Blulsec)

b ere V= AT H o a
AT.=temperature rise of gases under the ceiling far smak e dete ctor to activate (°F)

Before estimating smo ke detedtor respon=e=ti me, stratification effedt = can be calculded.
NFPA 2B, 2000 Edition, Sedion A.3.4 provides following corrdation to estimate smoke
straification in 3 compartrnent .

Hua =740 ATrec
M here Hma = the ma<imum ceiling clearance towhich a plume can rise ()
Qe = corvective portion of the heat release rate (Btu'z ec)
AT = difference in temperature due to fire bebween the fuel location and ceiling lewvel (°F)

Comvedtive Hea Rdesse Rate Calodlation

Q=0 3

Wi b ere - = convective pottion ofthe heat release rate (Btuwsec)
= heat raleas e rate ofthe fire (Blufsec)
Fe= convective heat releas rate fraction

Q.= 32 e Btuk ec

Oiff erence in Temperature ODueto Fire Between the Fuel Locaion and Ceiling Lewel

ATpc= 1300 & FH

Mthere AT = difference in temperature due to fire between the fuel location and ceiling level (°F)
Q= corective portion ofthe heat release rate (Btuwsec)

H = ceiling height above the fire source ()
ATt = 106E.53 °F

Sroke S‘tratifi-:iatinn Effe-:ts
Hima = 740§ ATed
Hmax = 26,05 it

In this case the highest point of smoke rse iz edimated to be 25.05
Thusz, the smoke would be expected to reach the ceiling mounted sm oke detectar.

Y = ATq H%r g™
= 17.20

K=dg oty 270"
%= 0.14

Smoke Da ector Response Time Caloulstion
txt-_“m: x H l..‘l”]l.s

|kao'l'\n'l-:-n = 057 ==2C ”_m
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Summary of Result:

Calculgion Method Smoke Deted or Response Ti e [sec]

METHOD OF ALFERT 0.55
METHOD OF MOWRER 1.27
METHOD OF MILKE O.EF
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Example Problem 11.12-3

Problem Statement

During a triennial inspection, an NRC inspector discovers that every other smoke detector
has inadvertently been painted and is not functional. The detection system in the compartment
is single-zoned to arm a pre-action sprinkler system. The detectors are 20 ft on center. The ceiling
is 23 ft. The sprinkler system uses 165 °F sprinklers, 10 ft on center, 4 inches from the ceiling.
The licensee states that even with half the smoke detectors inoperable, a smoke detector would
alarm and charge the pre-action system before a quick-response link-type sprinkler head fuses.
The expected fire in the compartment is approximately 750 kW. Is the licensee’s statement true?

Solution
Purpose:
(1) Determine the response time of the smoke detector for the fire scenario.

(2) Determine the response time of the sprinkler system.
Assumptions:
(1) The fire is steady-state.
(2) The forced ventilation system is off.
(3) There is no heavily obstructed overhead.
Spreadsheet (FDT®) Information:
Use the following FDT®:
(a) 10_Detector_Activation_Time.xls (click on Smoke-Detector)
FDT® Input Parameters:

-Heat Release Rate of the Fire (| = 750 kW

-Ceiling Height (H) = 23 ft
-Radial Distance from the Plume Centerline to the Smoke Detector (r) = 20 ft
(b) 10_Detector_Activation_Time.xlIs (click on Sprinkler)

FDT® Input Parameters:

-Heat Release Rate of the Fire |Q | =750 kW

-Select Quick Response Link

-Select Ordinary

-Ceiling Height (H) = 23 ft

-Radial Distance from the Plume Centerline to the Sprinkler (r)= 7.1 ft

Results*
Heat Release Smoke Detector Activation Time (t;) (sec)
Rate @ (kW)
Method of Alpert | Method of Mowrer | Method of Milke
3,500
2.0 1.94 6.0

The sprinkler heads do not activate.
*see spreadsheet on next page

Therefore, the licensee’s statement is true; however, the non-activation of the sprinkler heads
should be of great concern.
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Spreadsheet Calculations

(a) FDT®: 10_Detector_Activation_Time.xls (Smoke_Detector)

CHAPTER 11. ESTIMATING SMOKE DETECTOR RESPOHSE TIME
wersion 18050

Faram eters should be specl1sd SHLY IN THE VELLCW INFUT PARAMETER BC X ES.

INFUT PARANETERS

HeatRe kaie Rak of the Flre 25 Seady Sak) T3000fkw TI0AT BmEec

Fallal Dktance o the De B cirh "veve rmore tan 0707 or 1.0w2 oTthe Eted spacho™ 2000]n &10m

Hek)htor Cellhg Avove Top oTFrel (H; 23000 ToOlm

Actation Temps ram e otthe Smoke Deecor T 4 B6.00 °F 30000

Zmoke Deechr Responie The Wikx RTH 500 i

AMDEVEATTempE A E (T [ o 2s00-c
a0 K

Convectle Heat Rekase Pa® Fractbn i) i}

Plme Leg Thne Constntis o (Eope rme vl Detem ey a7

Celling JetLag Thne Constant s Exp2 e italky D& mled) 12

Tempe @ e REe ofGates Unckrte Ce lng 2T 1800 °F 10 %

Trimoke Deecloro Actak

H = 087

ESTIMATIMG SMOKE DETECTOR RESFOMSE TIME
METHOD OF ALFERT
ReRrene | WFFS Sre rdedinismion, © Sibion 303 Sige ¥ 50,
t = RTU@N. . (b (T.-TIAT. -T W
ThE metiodl azsame smoke de®ctor b a kw RTIceube whh a Toed actvatoy tam peratars
Wiere 1 = ik Botor actvatio s the Gec
BTl = ck ool espoise e Woex gn-gec)
Vo= gl |etue chy dn fiech
T.o=cellhg ke ttempe ratre 50
T.=ankEtalremp: ae
T = actvation Emperatie of e clor &0

Calling Jet Temperaturs Calculaton

T -T.=1E924% H BIH=0.18
T -T. =338 &00 H BIH=018
Whers Too=cellhg ftiempeatore O

T.=anbEtalremp: @ e 0
0. = conyectle porton ottie keat B kaze @k £

H = ke kbt of celling aboue op of Tel i)
r=radiald ke om the |.'I|IIT|? cererie © the dekcor an

Convecve Heat Relears Rate Caleulation

Q. =-3.0

Wiere G o= congectle porton oTte keat e kaie @k EW)
O = eatrekaie ok of the Me KW
3. = convectle keatrek ate @k fracto

Q.= 323 KW
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Radial Distarc:eto Ceiling Height Ratio Calculstion

rH= 0.57 rH #0015
#0015 14.97 <0.15 42 53

T.-T.= 538 ((DerF2EvH

To-T.= 14.97

To= 29.97 (T)

Ceilirg Jet Vel ocity Calculation

u,. = 096 (04H) orrfH=0.15
u.=09s 0 T H W orrH x> 015
b ere U, = ceiling jet wlocity(misec)

0 =heat release rate ofthe fine (000
H = height of cziling abowve top of fusl (m)
r= radial distance fromthe plume centerine to e detector (m)

Radial Oistan:eto Ceiling Height Ratio Caleulation

rfH= 087 iH =015

#0145 1.04 <015 456
u,= [0.195 013 H* 10200 (587
u,= 11040 msses

Srnoke Detector Response Time Caledation
towes = (RTW L D0 I0 (T - TMT - T

Ig-: .= 1.99 sec

HOTE: K tyaaten = "HUN Detector does not activate

METHOD OF MOWRER
References : My, F "Lag Times dssocited WA Detection and Supmession” S Technology, Sugust 900, p. 284,
tactroatem = T +1
it ere t, = detector activation ime (22c)
t, =transport lag time of plume (zec)
1

= transport lag time of ceiling jet (sac)

Trarsport Lag Time of Plume Calcdation
o= G (H A
ih ere t  =transport lag time of plume (zec)
C. = plume lag ime constant
H = height of ceiling abowe top of fusl (m)
0 = heat release rate ofthe fire OO0
t,= 0.99 zap

Trarsport Lag Time of Ceiling Jet Calcdation

to= i WY CH)
b ere t. = transport [ag ime of ceiling jet (sec)
C. =ceiling jet lag ime constant
r= radial distance fromthe plume centerdine to the detector (M)
H = height of cziling abowe top of fusl (m)
0 = heat release rate ofthe fire O0
t. = 0.95 sac

Srnokie Detector Response Time Caledation
totroaten S 1o + 1

bc i 1.94 sec

11-26



METHOD OF MILKE
Re B boe s iilike, J, "Smoke e gement iy Covered Malls and Afla,” Fie Technology, Aygestl 000, o223
NEPA 025, "Guide fr Smoke Menagement Systen s i Mzl, 4213, andLange Awas’ 200 Sfibn, Secton A.34.

tocsmton= X H 0™
M here tr vabn = detector activation time (sec)
=460t +2.7 10" YE
H = height of cailing abowe top of fuel (f)
0= heat raleas e rate from ste ady fire (Blulsec)

b ere V= AT H o a
AT.=temperature rise of gases under the ceiling far smak e dete ctor to activate (°F)

Before estimating smo ke detedtor respon=e=ti me, stratification effedt = can be calculded.
NFPA 2B, 2000 Edition, Sedion A.3.4 provides following corrdation to estimate smoke
straification in 3 compartrnent .

Hua =740 ATrec
M here Hma = the ma<imum ceiling clearance towhich a plume can rise ()
Qe = corvective portion of the heat release rate (Btu'z ec)
AT = difference in temperature due to fire bebween the fuel location and ceiling lewvel (°F)

Comvedtive Hea Rdesse Rate Calodlation

Q=0 3

Wi b ere - = convective pottion ofthe heat release rate (Btuwsec)
= heat raleas e rate ofthe fire (Blufsec)
Fe= convective heat releas rate fraction

Q.= 49761 Btuk ec

Oiff erence in Temperature ODueto Fire Between the Fuel Locaion and Ceiling Lewel

ATpc= 1300 & FH

Mthere AT = difference in temperature due to fire between the fuel location and ceiling level (°F)
Q= corective portion ofthe heat release rate (Btuwsec)

H = ceiling height above the fire source ()
ATt = 43585 °F

Sroke S‘tratifi-:iatinn Effe-:ts
Hima = 740§ ATed
Hmax = 2305 it

In this case the highest point of smoke rse iz edimated to be 2305
Thusz, the smoke would be expected to reach the ceiling mounted sm oke detectar.

Y = ATq H%r g™
= 4204

K=dg oty 270"
%= 051

Smoke Da ector Response Time Caloulstion
txt-_“m: x H l..‘l”]l.s

|kao'l'\n'l-:-n = 595 ==C ”_m
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Summary of Result:

Calculgion Method Smoke Deted or Response Ti e [E=S]

METHOD OF ALFERT 1.99
METHOD OF MOWRER 1.54
METHOD OF MILKE 556
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(b) FDT®: 10_Detector_Activation_Time.xls (Sprinkler)

CHAPTER 10, ESTIMATING SPRINKLER. RESPONSE TIME

Version 1805.0
The following calculations estimate sprinkler adtivation time.
Pararmeters imYELLOW CELLS are Ertered by the User.

Pararmeters im GREEM CELLS are Atomatically Selected fromtbe OROFP DOWH MEMUfor the Sprirkler Selected.

Al zubsequent output walue s are caloulated bythe spreadshest and based onwalues spedified in the input
parameters. This spreadsheet iz protected and secure to awoid emors due toa wrong entryin a cell(s).

The chapterin the MUREG should be read before an analysis is made.
INFUT PARAMETERS

Heat Release Rate ofthe Fire (0305teady State)
Sprinkler Response Time Index (RTI
Activation Temperature ofthe Sprinkler (T, .0

Height of Ceiling abowe Top of Fusl (H)

Radial Distance to the Detector (1) Tnevermorethan 0.707 or 1/2v2 ofthe liste d spacing™

Ambient Ar Temperature (T,)

Conwective Heat Feleas: Rate Fracton (5.
rH= 0.31

TA0.00|kw
Ad|im-secs

1646|"F TIERE
Z3.00|0 TOlm
T A0 206 m
Fr.00|F ZEO0 G
ZBE00 K

]

Calculate

GEMERIC SFRINKLER RESFONSETIME INMDEX [RTIF

Generc Response
Time hdex (BTN (m-zec)

Comman Sprinkler Type

Select Typeof Sprinkler

I Calek re sponss lirk

Standard response bulb 136

Standard response link 130
Quick response bulb 42
Quick response link 34

User Specifed "alue Eriter ‘Walue

H

Scroll to desired sprirkler type then Click on selection

R gereppee : Madrophouzhl D, TEvaiuation of Sosnkier Ao nin s Fesdiction Methods”

ASIAFLAN O 5, irterationad CorTerence on Se Solence and Sngitestng ¢

Frocesdng

Select Sprinkler Classification
[ orainar E

March 55 85, W05, Mowoon, Hong Mong pe. 2128,
*Mote: The acthml RTIshould be used whenthe value is available.
act vt n
Temperature Classification  |Range of Temp ergture Generc Temperatre
Fatings (°F Fatings (°F
Ordinary 135t0 170 165
Intermediate 17510 225 212
High 250to 300 275
Extra high 325t0 375 A0
Wi My extra high 400ta 475 450
Uttra high S00to 575 550
Ukra high G40 AA0
Uzer Speciied ‘alue — Eriter ‘value

Scroll to desired sprinkler class
then Click on selaction

R Rreree | Subomatic Speihier Sstem sHandooh, & Sation, Natiors ! Sl Protection

Azsachtion Ouincy, Mz ssaciuzafts, 1004 Page 87,

*Mote: The actal ternperature mting shod d be used when the value is available.
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ESTIMATING SPRINKLER RESPONSE TIME
Fe reyce; NFPA Flre Aromciion Hanaboos, 707 Saifon, 2003, Page 34140,
trwaa = (RTIwue 0 CI0C Tier - Ta¥( Tt - Taciuann)
Where tackrabn = sprinkler activation resporse time (s ec)
RTI==sprirk ler response time index (m-sec) =
U = ceiling jet wvelocity imisec)
Tier = ceiling jettemperature (°C)
Ta= ambient gir temperature (°C)
Tacwakn = activation temperature of zprinklar (°C)

Ceiling Jet Temperature Calculation
Tier- Ta= 16.9 (2 1H™ for itH = 0.18
Tiet- Ta= 5.38 (QAT M for wH = 0.12
' here Tier = ceiling jettemperature (°C)

Ta= ambient gir temperature (°C)

Qe= convective partion of the heat release rate (ki

H = height of ceiling abowe top of fuel [m)
r= radial distance from the plume centerline to the sprinkler {m)

Conwective Heat Relesse Rae Cdcouldion
Qe=T:=0
Where Q.= corective portion of the heat release rate ki

0 = heatreleaze rate of the fire (o
T-= convective heat releas e rate fraction

Q.= S25 e

Radid Distanceto Ceiling Height Raio Calculation
H = 031 rH =015

Tier- Ta= {538 ( Qe P2EHH

Tier- Ta= 2985

Tie 1= o 25 (“I:j

Ceiling Jet Wdocity Calculation

Uer= 0.06 (2H)"® for #H = 0.15
uer= (0,195 @' H 5™ for wH = 015
Wi here U = ceiling jet welocity (misec)

0 = heatreleaze rate of the fire (o
H = height of ceiling above top of fuel [m)
r= radial distance from the plume centerline to the sprinkler {m)

Radid Distanceto Ceiling Height Raio Calculation

WH = 0231 nH =0.15
We = (0195 QM3 HYEEA e SE
We = 2485 mis ec
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Sprinder Adivation Time Cdculdion
trwaa = (RTHwue 0N Tier - Tak¥( Tt - Taciuanni)

tactwaton = #HLIM! == ]
[[The =prinMer will respond in spprosi matey #HLIM! rninutes |

MOTE: Nty .04.n = "NUM” Sprinkler does not activate

The above calculations are bas ed on principles developed in the MFPA Fire Protection Handbook
19“E-:Ii‘ti-:-n. 2003, Caleulatiors are bazed on certain assumptions and have inherent limtations.
The results of such calculations may or may not have reasonable predictive capabilities for a given
situation, and should onby be interpreted by an informed user.

Although each calzulation in the spreadsheet has beenwerified with the resulEs of hand calculation,
there s no absolute guarantee of the aceuracy of these calculations.

Ay questions, comments, concerns, and suggestions, or toreport an erron=) in the spreadsheet,

please send an email to nxi@nrc.gow or mxs3@nre.gow.
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CHAPTER 12. ESTIMATING HEAT DETECTOR RESPONSE TIME

12.1 Objectives

This chapter has the following objectives:

. Explain where heat detectors are located.
. Identify the various types of heat detectors and how they work.
. Describe how to calculate the activation time of a heat detector.

12.2 Introduction

Heat detectors are one of the oldest forms of automatic fire detection devices, and they typically
have the lowest false alarm rate of all automatic fire detection devices. Nonetheless, they are
generally the slowestto detectfires because they do notdetect smoke. Rather, they respond either
when the detecting element reaches a predetermined fixed temperature or when the temperature
changes at a specified rate. Thus, heat detectors usually do not provide enough early warning in
case of a life-threatening situation. As a result, heat detectors are best suited for fire detection in
a small confined space where rapidly building high-heat-output fires are expected, in areas where
ambient conditions would not allow the use of other fire detection devices, or where speed of
detection is not a primary consideration.

Heat detectors are generally located on or near the ceiling, where they can respond to the
convected thermal energy of a fire. They may be used in combination with smoke detectors, since
smoke detectors usually activate before the flames and heat would are sufficient to alarm the heat
detector. In general, heat detectors are designed to operate when heat causes a prescribed
change in a physical or electrical property of a material or gas.

The following excerpts are from the procedure specified by Underwriters’ Laboratories, Inc., for
using thermal detectors in automatic fire detection systems. Notice that to prevent false alarms,
detectors should be installed only after considering the limitation on their operational rating and the
prevalent ceiling temperatures. For example, ordinary detectors rated from 57-74 °C (135-165 °F)
should be installed only where ceiling temperatures do not exceed 37.7 °C (100 °F).

12.3 Underwriters’ Laboratories, Inc., Listing Information for Heat-Detecting
Automatic Fire Detectors

“A heat-detecting type of automatic fire detector is an integral assembly of heat-responsive
elements and non-coded electrical contacts, which function automatically under conditions of
increased airtemperature.” Listing under this heading applies to fire alarm heat detectors only and
not to wiring or other appliances of which they form a part. Fire alarm heat detectors are of the
fixed-temperature, combination fixed-temperature, and rate-of-rise or rate compensation types.
There are basically two types: (1) spot-type is one in which the thermally sensitive element is a
compact unit of small area, and (2) line-type is one in which the thermally sensitive element is
continuous along the line. These heat detectors have been investigated for indoor use only unless
otherwise indicated in the individual listing.
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Ordinarily, heat detectors are intended for locations where normal ceiling temperatures prevail
below 37.7 °C (100 °F). Locations where ceiling temperatures are likely to be unduly high, from
sources of heat other than fire conditions such as boiler rooms, dry kilns, etc., demand special
consideration and selection of heat detectors operating normally at higher temperatures, and which
are capable of withstanding high temperatures for long periods of time.

Care should be exercised to select heat detectors having the proper temperature rating to guard
against false alarms from premature operation. These detectors are intended to be installed in
accordance with NFPA 72E-Automatic Fire Detectors. For ceiling temperatures exceeding 37.7 °C
(100 °F), install 57.2—73.8 °C (135-165 °F) (ordinary) rating thermostats. For ceiling temperatures
exceeding 37.7 °C (100 °F), but not 65.5 °C (150 °F), install 79.4-107.2 °C (175-225 °F)
(intermediated) rating thermostats. For ceiling temperatures exceeding 65.5 °C (150 °F), but not
107.2 °C (225 °F), install 121.1 to 148.8 °C (250-300 °F) (high) rating thermostats. For ceiling
temperatures exceeding 107.2 °C (225 °F), but not 148.8 °C (300 °F), install 162.7-182.2 °C
(325-360 °F) (extra high) rating thermostats.

Low-degree rated heat detectors are intended only for installation in areas having controlled
temperature conditions at least -6.6 °C (20 °F) below rating. The spacings specified are for flat,
smooth ceiling construction of ordinary height, generally regarded as the most favorable condition
for distribution of heated air currents resulting from a fire. Under other forms of ceiling construction,
reduced spacings may be required.

The fire tests conducted to determine the suitability of the spacings are conducted in an 18.3 x 18.3 m
(60 x 60 ft) room having a 4.8-m (15-ft, 9-in.) high smooth ceiling and minimum air movement.
The test fire (denatured alcohol) is located approximately 0.91 m (3 ft) above the floor and is of a
magnitude so that sprinkler operation is obtained in approximately 2 minutes. For comparative
purposes, automatic sprinklers rated at 71.7 °C (160 °F) are installed on a 3.05 x 3.05 m (10 x 10 ft)
spacing schedule in an upright position with the deflectors approximately 17.5 cm (7 in) below the
ceiling. At the maximum permissible spacing for the heat detectors, they must operate prior to
operation of the sprinklers.

The placement and spacing of heat detecting devices should be based on consideration of the
ceiling construction, ceiling height, room or space areas, spaced subdivisions, normal room
temperature, possible exposure of the devices to abnormal heat (such as uninsulated steam pipes)
or to draft conditions likely to be encountered at the time of a fire.

12.4 Operating Principle of Heat Detectors

Spot type heat detectors respond to temperature changes in the surrounding environment. They
are designed to respond to the convected thermal energy of a fire. They detect at either a
predetermined fixed temperature or at a specified rate of temperature rise. In general, a heat
detectoris designed to sense a prescribed change in a physical or electrical property of its material
when exposed to heat.

12-2



12.4.1 Fixed-Temperature Heat Detectors

Fixed-temperature detectors are intended to alarm when the temperature of their operating
elements reaches specific points. The air temperature at the time of operation may be higher than
the rated temperature due to the thermal inertia of the operating elements. This condition is called
thermal lag. Fixed-temperature heat detectors are available to cover a wide range of operating
temperatures from 57 °C (135 °F) and higher. Higher temperature detectors are sometimes
necessary so that detection can be provided in areas normally subjected to high ambient (nonfire)
temperatures. Fixed-temperature heat detectors are manufactured in seven temperature range
groups, and the proper detector is selected based on the highest ambient temperature of the room
for which it is designed. Fixed-temperature detectors are available in several types.

12.4.1.1 Fusible-Element Type

One type of fusible-element spot detector is the eutectic (fusible) metal type. Eutectic metal
employs a mixture of either bismuth, lead, tin or cadmium which melts at a predetermined
temperature. Eutectic metals that melt rapidly at a predetermined temperature are used to actuate
the operating elements of the heat detector. When the element fuses (i.e., melts), the spring action
closes contacts and initiates an alarm. Devices using eutectic elements cannot be restored. When
their element fuses, alarms are signaled by various mechanical or electrical means (typically by a
closed set of contacts).

12.4.1.2 Continuous Line Type

One type of line detector uses a pair of wires in a normally open circuit enclosed in a braided
sheath to form a single-cable assembly. When the predetermined temperature is reached, the
insulation, which holds the conductors apart melts, and the two wires come in contact which
initiates the alarm. The fused section of the cable must be replaced to restore the system.
Alternatively, this type of detector may use a stainless steel capillary tube containing a coaxial
center conductor separated from the tube wall by a temperature-sensitive glass semiconducting
material. As the temperature rises, the semiconductor decreases and allows more current to flow,
thereby initiating the alarm.

12.4.1.3 Bimetallic Type

These spot detectors are generally of two types, including (1) the bimetal strip and (2) the bimetal
snap disc. As it is heated, the bimetal strip deforms in the direction of the contact point. The
operating element of a snap disc device is a bimetal disc composed of two metals with different
thermal growth rates formed into a concave shape in its unstressed condition. Generally, a heat
detector is attached to the detector frame to speed the transfer of heat from the room air to the
bimetal. As the disc (not part of the electrical circuit) is heated, the stresses developed in the two
different metals cause it to suddenly reverse the curvature and become convex. This provides a
rapid positive action that closes the alarm contacts. These devices are typically self-restoring after
heat is removed.
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12.4.2 Rate Compensation Heat Detectors

These spot type detectors respond when the temperature of the air surrounding the detector
reaches a predetermined temperature, regardless of the rate of temperature rise. A typical example
is a spot-type detector with a tubular casing of metal thattends to expand lengthwise as itis heated,
and an associated contact mechanism that will close at a certain pointin the elongation. A second
metallic element inside the tube exerts an opposing force on the contacts, tending to hold them
open. The forces are balanced so that, with a slow rate of temperature rise, there is more time for
heat to penetrate to the inner element. This inhibits contact closure until the total device has been
heated to its rated temperature level. However, with a fast rate of temperature rise, there is less
time for heat to penetrate to the inner element. The element therefore exerts less of an inhibiting
effect, so contact closure is obtained when the total device has been heated to a lower level. This,
in effect, compensates for thermal lag.

12.4.3 Rate-of-Rise Heat Detectors

These spot type detectors operate when the room temperature rises at a rate which exceeds a
predetermined value. For example, the effect of a flaming fire on the surrounding area is to rapidly
increase air temperature in the space. A fixed-temperature detector will not initiate an alarm until
the air temperature near the ceiling exceeds the design operating point. The rate-of-rise detector,
however, will function when the rate of temperature increase exceeds a predetermined value,
typically around 7 to 8 °C (12 to 15 °F) per minute. Rate-of-rise detectors are designed to
compensate for the normal changes in ambient temperature [less than 6.7 °C (12 °F) per minute]
that are expected under non-fire conditions.

12.4.4 Pneumatic Heat Detectors

In a pneumatic spot type heat detector, air heated in a tube or chamber expands, increasing the
pressure in the tube or chamber. This exerts a mechanical force on a diaphragm that close the
alarm contacts. If the tube or chamber were hermetically sealed, slow increases in ambient
temperature, a drop in the barometric pressure, or both, would cause the detector to initiate an
alarm regardless of the rate of temperature change. To overcome this, pneumatic detectors have
a small orifice to vent the higher pressure that builds up during slow increases in temperature or
during a drop in barometric pressure. The vents are sized so that when the temperature changes
rapidly, as in a fire, the rate of expansion exceeds the venting rate and pressure rises. When the
temperature rise exceeds 7 to 8 °C (12 to 15 °F) per minute, the pressure is converted to
mechanical action by a flexible diaphragm. Pneumatic heat detectors are available for both line-
and spot-type detectors.
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12.4.4.1 Line-Type Heat Detectors

The line-type consists of metal tubing, in a loop configuration, attached to the ceiling of the area to
be protected. Lines of the tubing are normally spaced not more than 9.1 m (30 ft) apart, not more
than 4.5 m (15 ft) from a wall, and with no more than 305 m (1,000 ft) of tubing on each circuit.
Also, a minimum of at least 5-percent of each tube circuit or 7.6 m (25 ft) of tube, whichever is
greater, must be in each protected area. Without this minimum amount of tubing exposed to a fire
condition, insufficient pressure would build up to achieve proper response.

In small areas where the line-type tube detector might have insufficient tubing exposed to generate
sufficient pressures to close the alarm contacts, air chambers or rosettes of tubing are often used.
These units act like a spot-type detector by providing the volume of air required to meet the
5-percent or 7.6 m (25 ft) requirement. Since a line-type rate-of-rise detector is an integrating
detector, it will actuate either when a rapid heatrise occurs in one area of exposed tubing, or when
a slightly less rapid heat rise takes place in several areas when tubing on the same loop is
exposed. The pneumatic principle is also used to close contacts within spot-type detector. The
difference between the line-and spot-type detectors is that the spot-type contains all of the air in
a single container rather than in a tube that extends from the detectors assembly to the protected
area(s).

12.4.5 Combination Heat Detectors

Many spot type heat detectors are available that utilize both the rate-rise and fixed-temperature
principles. The advantage of units such as these is that the rate-of-rise elements will respond
quickly to rapidly developing fires, while the fixed-temperature elements will respond to slowly
developing smoldering fires when design alarm temperature is reached. The most common
combination detector uses a vented air chamber and a flexible diaphragm for the rate-of-rise
function, while the fixed-temperature element is usually leaf-spring restrained by a eutectic metal.
When the fixed-temperature element reaches its design operating temperature, the eutectic metal
fuses and releases the spring, which closes the contacts.

12.4.6 Electronic Spot-Type Thermal Detectors

These detectors utilize a sensing element consisting of one or more thermistors, which produce a
change in electrical resistance in response to an increase in temperature. This resistance is
monitored by associated electronic circuitry, and the detector responds when the resistance
changes at an abnormal rate (rate-of-rise type) or when the resistance reaches a specific value
(fixed-temperature type).
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12.5 Fixed-Temperature Heat Detector Activation

Fixed-temperature heat detectors are generally modeled by calculating the heat transfer from the
fire gases to the detector element, and the resultant temperature change. To simplify the
calculation, all current detector models treat the detector as a “lumped mass.” A lumped mass
model assumes that there are no temperature gradients within the detector element. This
assumption is reasonable for solder-type heat detectors, since the operating element has a low
mass. With bimetallic-type detectors, the lumped mass assumption may introduce some error,
since heat must be transferred to two slightly different parts.

Analytical methods for calculating detector temperature require that equations for temperature and
velocity of fire gases as a function of time must be inserted into the basic heat transfer equation.
The resulting differential equation must be integrated to arrive at an analytical solution to the heat
transfer equation.

For steady-state fires, the time required to heat the sensing element of a suppression device from
room temperature to operation temperature is given by (Budnick, Evans, and Nelson, 1997):

RTI [ T
= In
Tj

L octiration = M

(12-1)

6t _TarLiJmﬁm

Where:
t.civaion = SPrinkler head activation time (sec)
RTI = Response Time Index (m-sec)”
Ujet = ceiling jet velocity (m/sec)
Tiet = ceiling jet temperature (°C)
T, = ambient air temperature (°C)
T activation= activation temperature of detector (°C)

The RTI concept was developed by Factory Mutual Research Corporation (FMRC) to be a
fundamental measure of thermal detector sensitivity. A detector’'s RTlis determined in plunge tests
with a uniform gas flow of constant temperature and velocity and can be used to predict the
detector’s activation time in any fire environment. The RTI was developed under the assumption
that conductive heat exchange between the sensing element and supportive parts is negligible.
The RTI is a function of the time constant, 1, of the detector, which is related to the mass and
surface area of the detector element. Faster detectors have low response time indices and smaller
time constants. Detector elements with low time constants have low ratios of mass to surface area.
The RTIl is defined by the following equation:

G
RTI= h‘*—;‘” Mg (12-2)
Where:

m, = mass of element (kg)

Cyey = Specific heat of element (kJ/kg-K)

h, = convective heat transfer coefficient (kW/m?-K)
A, = surface area of element (m?)

u, = velocity of gas moving past the detector (m/sec)
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The flow of heat and ceiling jet into a heat detector sensing element is not instantaneous; it occurs
over a period of time. A measure of the speed with which heat transfer occurs (the thermal
coefficient) is needed to accurately predict heat detector response. Called the detector time
constant (t,), this measure should be determined by a validated test (Heskestad, 1976). For a
given detector, the convective heat transfer coefficient (h,) and t are approximately proportional to
the square root of the velocity (u) of the gases passing the detector. This relationship can be
expressed as the characteristic response time index, RTI, for a given detector:
1

- 1
RTI=z= m? = gu,7  (12-3)

Where:
RTI = response time index (m-sec)”
To = detector time constant (sec)
u, = gas velocity (m/sec)

The detector time constant, t,, is measured in the laboratory at some reference velocity, u,.
This expression can be used to determine the detector’'s RTI.

UL-listed detector spacing can be used as a measure of detector sensitivity. Heskestad and
Delichatsios (1977), analyzed UL test data and calculated the time constant, t,, for various
combinations of UL-listed spacing and detector-operated temperature. The Subcommittee of NFPA

72 expanded that table to include a larger selection of detectors. The table is reproduced here as
Table 12-1.

Table 12-1. Time Constant of Any Listed Detector

Listed Underwriter’s Laboratories, Inc. (UL) FMRC
Spacing Temperature Rating (°F) (All Temperatures)
) 128 135 145 160 170 196

Detector Time Constant, 7, (sec)
10 400 330 262 195 160 97 196
15 250 190 156 110 89 45 110
20 165 135 105 70 52 17 70
25 124 100 78 48 32 - 48
30 95 80 61 36 22 - 36
40 71 57 41 18 - - -
50 59 44 30 - - - -
70 36 24 9 - - - -

Note: These time constants are based on an analysis of the UL and FMRC listing test procedures.
This table is reproduced from NFPA 72, Appendix B, 1999 Edition.
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The time constants listed in Table 12-1 are based on a reference velocity of 1.5 m/sec (5 ft/sec).
These time constants can be converted to RTI values be using Equation 12-4, as follows:

1
)
RTI = 1,415 [i]

SEC

(12-4)

Table 12-2 provides the calculated values of RTI based on the detector time constant (t,) in Table 12-1.

Table 12-2. Detector Response Time Index of Any Listed Detector

Listed Underwriter’s Laboratories, Inc. (UL) FMRC
Spacing Temperature Rating (°F) (All Temperatures)
) 128 135 145 160 170 196
Detector RTI (m-sec)”
10 490 404 321 239 196 119 240
15 306 233 191 135 109 55 135
20 325 165 129 86 64 21 86
25 152 123 96 59 39 - 59
30 116 98 75 44 27 - 44
40 87 70 50 22 - - -
50 72 54 37 - - - -
70 44 29 11 - - - -

The expressions for estimating the maximum ceiling jet temperature and velocity as a function of
ceiling height, radial position, and HRR were developed from an analysis of experiments with large-
scale fires having HRRs from 668 kW to 98,000 kW. The expressions are given for two regions—
one where the plume directly strikes the ceiling and the other, outside the plume region where a
true horizontal flow exists.
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The ceiling jet temperature and velocity correlations of a fire plume are given by the following
expression:

2
169 QF r
el -
T~ T-—— fOI‘H_D.IS (12-5)
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r
Where:
Tiet = ceiling jet temperature (°C)
T, = ambient air temperature (°C)
0 = heat release rate of the fire (kW)
H = distance from the top of the fuel package to the ceiling level (m)
r = radial distance from the plume centerline to the detector (m)
Ujet = ceiling jet velocity (m/sec)

The above correlations are used extensively to calculate the maximum temperature and velocity
in the ceiling jet at any distance, r, from the fire axis. Note that the regions for which each
expression is valid are given as a function of the ratio of the radial position, r, to the ceiling height,
H. Moving away from the centerline of the plume jet, r/H increases. So, for example, for regions
where r/H>0.18, Equation 12-6 should be used. Based on the cases where the hot gases have
begun to spread under a ceiling located above the fire, Equation 12-5 applies for a small radial
distance, r, from the impingement point (see Figure 12-1).
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Figure 12-1 Ceiling Jet Flow Beneath and Unconfined Ceiling Showing a Heat Detector
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As with the temperatures velocities in the ceiling jet flow, u,,, there are two regions under a ceiling,
including (1) one close to the impingement point where velocities are nearly constant and
(2) another farther away where velocities vary with radial position.

The ceiling jet temperature is important in fire safety because it is generally the region where
sprinklers are located; therefore, knowledge of the temperature and velocity of the ceiling jet as a
function of position enables us to estimate the detector response time. The temperature and
velocity of a ceiling jet varies with the depth of the jet. Moving away from the ceiling, the
temperature increases to a maximum, then decreases closer to the edge of the jet. This profile is
not symmetric as it is with a plume, where the maximum occurs along the plume centerline. With
the knowledge of plume ceiling jet temperature and velocity, we can estimate the actuation time of
a fixed-temperature if we also know the spacing and the speed or thermal inertia of the detector.
The response of a fixed-temperature heat detector is given by its RTI.

12.6 Assumptions and Limitations

The method discussed in this chapter is subject to several assumptions and limitations:

(1) The plume ceiling jet correlations of temperature and velocity assume that the fire source
is located away from walls and corners. The primary impact of walls and corners is to
reduce the amount of entrained air into the plume. This has the effect of lengthening flames
and causing the temperature in a plume to be higher at a given elevation than it would be
in the open.

(2) The correlations for estimating the maximum ceiling jet temperature and velocity were
developed for steady-state fires and plumes under unconfined ceiling (where the smoke
layer does not develop below the ceiling jet during the time of interest).

(3) The plume ceiling jet correlations are valid for unconfined flat ceilings, as the environments
outside the ceiling jet are uniform in temperature and are atmospheric ambient. Caution
should be exercised with this method when the ceiling has an irregular surface such as
beam pockets.

(4) The correlations for estimating the maximum ceiling jet temperature and velocity were
developed for steady-state fires and plumes under unconfined ceiling (where the smoke
layer does not develop below the ceiling jet during the time of interest).

(5) The plume ceiling jet correlations are valid for unconfined ceilings, as the environments
outside the ceiling jet are uniform in temperature and are atmospheric ambient.

(6) All calculations for determining time to operation only consider the convective heating of
sensing elements by the hotfire gases. They do not explicitly account for any direct heating
by radiation from the flames.

(7) Caution should be exercised with this method when the overhead area is highly obstructed.

(8) The detectors are located at or very near to the ceiling. Very near to the ceiling would
include code compliant detectors mounted on the bottom flange of structural steel beams.
These methods are not applicable to detectors mounted well below the ceiling in free air.
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12.7 Required Input for Spreadsheet Calculations

The user must obtain the following information before using the spreadsheet:
1) heat release rate of the fire (kW)
) listed spacing of detectors (ft)
) activation temperature of detectors (°F)
4) height to ceiling (ft)
)

ambient room temperature (°F)

12.8 Cautions

(1) Use (10_Detector_Activation_Time.xls) and select “FTHDetector” spreadsheet
on the CD-ROM for calculations.

(2) Make sure all inputs are recorded in the correct units.
12.9 Summary

This chapter discusses a method of calculating the response time of heat detectors under
unobstructed ceilings in response to steady-state fires without forced ventilation.
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12.12 Problems
Example Problem 12.12-1

Problem Statement

A 34.5-ft? (3.20-m?) lube oil pool fire with Q = 5,750 kW occurs in a space protected with fixed-

temperature heat detectors. Calculate the activation time for the fixed-temperature heat detectors,
using 10-ft (3.05-m) spacing, in an area with a ceiling height of 10 ft (3.05 m). The detector
activation temperature is 128 °F (53 °C), the radial distance to the detectoris 4 ft (1.22 m), and the
ambient temperature is 77 °F (25 °C).

r=4 ft ¥
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Example Problem 12-1: Fire Scenario with Heat Detectors

Solution
Purpose:
(1) Determine the response time of the fixed-temperature heat detectors for the fire

scenario.

Assumptions:

(1) The fire is located away from walls and corners.

(2) The fire is steady state and plume is under unconfined ceiling.

(3) Only convective heat transfer from the hot fire gases is considered.
(4) There is no heavily obstructed overhead.
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Spreadsheet (FDT®) Information:

Use the following FDT*:

(a) 10_Detector_Activation_Time.xlIs (click on FTHDetector)

FDT?® Input Parameters:

-Heat Release Rate of the Fire | | = 5,750 kW

-Radial Distance to the Detector (r) = 4 ft
-Activation Temperature of the Fixed-Temperature Heat Detector (T, ation)
-Distance from the Top of the Fuel Package to the Ceiling (H) = 10 ft

-Ambient Air Temperature (T,) =77 °F

-Click on the option button (o) for FTH detectors with T

-Select Detector Spacing: 10

Results*

Detector Type

Heat Detector Activation
Time (tactivation)
(min.)

Fixed-
Temperature

0.27

*see spreadsheet on next page
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Spreadsheet Calculations
FDT®: 10_Detector_Activation_Time.xls (FTHDetector)
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r it RTlim-s2c) Temperature (F)
10 239 160

15 135 160

20 bl 160

25 a4 160

20 14 160

40 22 160

Lzer Speciied Walue [Enter Walue Eriter “Walue

UL Listed Spacing Fesponse Time Index  |Activation

riit) RTI(m-sec) Temperature (F)
10 196 170

15 109 170

20 it 170

25 el 170

20 27 170

Lker Speciied Walue [Enter \WYalue Enter “walus

UL Listed Spacing Response Time Index  |Activation

rift) RTI(m-sec) Tamperature (°F]
10 114 196

15 ki 196

20 21 196

Lker Speciied Walue |Enter \Yalue Eniter “walus

e, Eablon .

ESTIMATING FIXED TEMPERATURE HEAT DETECTOR RESPOHNSE TIVE

Re®rence . NAFS e Frotection Aanc ook, B Sation 203 Fage 0D

tone: = { RT U

here

£n (T - T

- Tacwanmn))

t,. ., = detector activation ime (sec)
FTI= detector response time index (m-sac)
u., = ceiling jet wlocity (mseac)

T.. = ceiling jet temperature (°C)

T, = ambie nt air temperature [°C)

T, 4, = Activation temperature o f detectar (00

Ceiling Jet Temperature Caleulation
T, -T,=168(0Y H

T, -T,=5358(0.00 H
T .. = ceiling jet temperature (°C)
T. = ambie rt air termperatane (")
0. = conwective porion ofthe heat relea s& rate (0
H = height of cziling abowe top of fusl (m)
r= radial distanc= fromthe plume centerine to the d stector im)

ihere

Convective Heat Release Rate Calodation

0. =30
ihere
o=

0. .comective heat release ate (K0

0= heat release rate ofthe dre (n
%= convedtive heat release fraction

A2

ki

farrH=0.18
farrfH = 018
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Radal Distarce to Ceiling Height Ratio Caleulation

rH= 040 rfH > 014
#0.15 391 35 <015 GEYT .38
T.,-T,= 38 ((QorfaiavH
T.-T,= 391 35
T.= a1 35 (")
Ceiling Jet Wielocity Caleul ation
U= 0.96 (H) forrMH=0.15
u. =195 0 " H W forrH > 0.15
here u_, = ceiling jet wlocty (miseac)

0= heat release rate ofthe dre (0
H = height of cailing abowe top of fuel (m)
r= radial distance fromthe plume canterine to the d etector (m)

Fadal Distaree to Ceiling Height Ratio Caleulation

r’H= 040 riH > 015
u.= 0195 013 H 1520506
= 347 mkec

DOetector Sctivation Tirne Caled ation

T = CRTW, DORCT - T - T
tl wafian = 16 34 zec
Fhe detector will respond in approsximatel w 0.27 mintes

HOTE: Kt,,4.04.0 = "HUN' Detector does not activate

MOTE

The abowe calculations are based on principles dewlopedin the NFPAFire Protection Handbook 197 Bdition,
200%. Calculations are based on cer@in assumptions and hawe inherant limiations .

The results of such calculations may or may not hawe reasonable predictive capabiliies for a given situation,
and should only be interpreted by an infomed user.

Athough each calculation in the spreadshest has been w ifed with the results of hand calculation,

there is no absolute guarantes ofthe 3ecu@cy ofthes: calculations.

Any questions, comments, concem s, and suggestio ns, orto report an emon,s)in the spreadsheet,

please send an email to i Enns gowor mecs3 [Enee g o,
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Example Problem 12.12-2

Problem Statement

A trash fire with Q = 1,000 kW occurs in a space protected with fixed-temperature heat detectors.
Calculate the activation time for the fixed-temperature heat detectors, using 10 ft (3.05 m) spacing,
in an area with a ceiling height of 8 ft (2.43 m). The fire is located directly between heat detectors.
The detector activation temperature is 160 °F (71 °C), and the ambient temperature is 77 °F
(25 °C).

4 r=5 ft bt r=5 ft .
Lt7j LA R W19, ////VA///ZL/C;/A
T Heat
I Detector
/“\‘3 B T
H=8ft /
(’S Q= 1000 kw

YA SIS IS

Example Problem 12-2: Fire Scenario with heat detectors that
are equidistant from the fire source

Solution
Purpose:
(1) Determine the response time of the fixed-temperature heat detectors for the fire

scenario.

Assumptions:

(1) The fire is located away from walls and corners.

(2) The fire is steady state and plume is under unconfined ceiling.

(3) Only convective heat transfer from the hot fire gases is considered.
(4) There is no heavily obstructed overhead.
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Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 10_Detector_Activation_Time.xlIs (click on FTHDetector)
FDT?® Input Parameters:

-Heat Release Rate of the Fire | | = 1,000 kW

-Radial Distance to the Detector (r)= 5 ft

-Activation Temperature of the Fixed-Temperature Heat Detector (T, ation)
-Distance from the Top of the Fuel Package to the Ceiling (H) = 8 ft
-Ambient Air Temperature (T,) = 68 °F

-Click on the option button (o) for FTH detectors with T
-Select Detector Spacing: 10

=160 °F
=160 °F

activation

Results*

Detector Type | Heat Detector Activation
Time (t
(min.)

acﬁvaﬁon)

Fixed- 1.34
Temperature

*see spreadsheet on next page
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Spreadsheet Calculations
FDT®: 10_Detector_Activation_Time.xls (FTHDetector)

CHAPTER 12 ESTIMATING HEAT DETECTOR RESPONSE TIME

wWearsion 1205.0

The Tlw g cakn lation s estin ate Mee o B mp= ratere beat ek coractvation e .
Param etérs In YELLOWCEL LS are Enterad by the User,
Param etérs In GREEN CELLS are Automatically Selected rom e DRCOP COOWWH MENU for Tie Detector Seleced.

Alzabgequentontprtvaines ag cakn bted by e spreads beetand based on vales specikd I e pat
parame® g . ThE ipeadikeetb proeckd and secu e ookl ermors dee toawong entyy b a o= .

The chaperi e NUREG ¢ honkl be rRad betor an anakizk B made.

INPUT PARAMETERS

Heat Be Base Rak ofthe Fle @5 SR aly She)

Radial Dktarce £ the Dekciorah “severmore than 0707 or 152v2 of the edspacka”

Actuation Tempe @t of the Fled Temperat g HeatDe®otor T sl

DekclrRespoiie Tne hcex (RTH

He bhtotcellgabove Top ot Fie | H)
Ambk vt A Tem = ratare (T

Cowecthe HeatRekae F@ctbn 135

nH=

083

1000 00 |k

Soom

160 [*F

230 00 |m-rea

a.00|m

5 00|

010

Caculste

INPLUT DATA FOR ESTIMATIMG HEAT DETECTOR RESPOMSE TIME

Bedivation
Ternperature T wwes

T"T=128 F

"T=135F

T=145F

UL LEEdTpacky

Fecponse Thie hckx

Actiaton

I it FTI -5 o Temps @t e CF
10 =0 128

15 ki) 128

20 323 128

23 152 125

30 & 128

11} a7 128

30 12 128

0 H 128

Use rSpechied vale |Evkervahe EvEr vahe
UL LE®dSpachq Fecponse Tine hekx  [Actvation
1 RTI in-ie Tempe @t °F)
10 i 135

13 233 135

20 163 133

23 123 133

30 5 135

[} 0 133

a0 =18 133

0 X0 133

Uze rSpechied vale [Evervahe EvEr vahe
UL LE®dSpachq Fecponse Tine hekx  [Actvation

I it FTI -5 o Temps @M e CF
10 21 143

13 121 143

20 129 143

23 ki 143

30 = 143

10 30 143

30 37 143

0 1 143

Use rSpecmed vale |Evkervahe EvErvahe

12-20

Select Detector Spacing

Scroll to de sired spacing then
Cick on selscion

Select Detector Spacing

Scroll tode sired spacing hen
Cickon wslecton

Select Oetector Spacing

Scroll to de sired spacing hen
Cickon wlecton

152 m

T

Z44m
2000 T
ZU300 E



" T=160F

“T=1T0F

T T=196 F

ReRrercs  NAFS Stancmd T2 Natlonad Fe Slaan oo, Appencial, Table 23250,

UL Listed Spacing Response Time Index  |Activation

r it RTlim-s2c) Temperature (F)
10 239 160

15 135 160

20 bl 160

25 a4 160

20 14 160

40 22 160

Lser Speciied ‘Walue |Enter Walue Enter “alue

UL Listed Spacing Fesponse Time Index  |Activation

riit) RTI(m-sec) Temperature (F)
10 196 170

15 109 170

20 it 170

25 el 170

20 27 170

Lker Speciied Walue [Enter \WYalue Enter “walus

UL Listed Spacing Response Time Index  |Activation

rift) RTI(m-sec) Tamperature (°F]
10 114 196

15 ki 196

20 21 196

Lker Speciied Walue |Enter \Yalue Eniter “walus

e, Eablon .

ESTIMATING FIXED TEMPERATURE HEAT DETECTOR RESPOHNSE TIVE

Re®rence . NAFS e Frotection Aanc ook, B Sation 203 Fage 0D

tone: = { RT U

here

£n (T - T

- Tacwanmn))

t,. ., = detector activation ime (sec)
FTI= detector response time index (m-sac)
u., = ceiling jet wlocity (mseac)

T.. = ceiling jet temperature (°C)

T, = ambie nt air temperature [°C)

T, 4, = Activation temperature o f detectar (00

Ceiling Jet Temperature Caleulation
T, -T,=168(0Y H

T, -T,=5358(0.00 H
T .. = ceiling jet temperature (°C)
T. = ambie rt air termperatane (")
0. = conwective porion ofthe heat relea s& rate (0
H = height of cziling abowe top of fusl (m)
r= radial distanc= fromthe plume centerine to the d stector im)

ihere

Convective Heat Release Rate Calodation

0. =30
ihere
o=

0. .comective heat release ate (K0

0= heat release rate ofthe dre (n
%= convedtive heat release fraction

Fo0

ki

farrH=0.18
farrfH = 018
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Radal Distarce to Ceiling Height Ratio Caleulation

rH= 0 A2 rfH>0.14
#0.15 131 35 <015 301 .61
T.,-T,= 538 ((QorfaiavH
T.-T,= 131 35
T.= 131 35 (")
Ceiling Jet Wielocity Caleul ation
U= 0.96 (H) forrMH=0.15
u. =195 0 " H W forrH > 0.15
here u_, = ceiling jet wlocty (miseac)

0= heat release rate ofthe dre (0
H = height of cailing abowe top of fuel (m)
r= radial distance fromthe plume canterine to the d etector (m)

Fadal Distaree to Ceiling Height Ratio Calculation

r’H= 0E3 nH>D.15
u.= 0195 013 H 1520506
= 2143 mkec

DOetector Sctivation Tirne Caled ation

T = CRTW, DORCT - T - T
tl wafian = 80 48 zec
Fhe detector will respond in approsximatel w 1.34 mintes

HOTE: Kt,,4.04.0 = "HUN' Detector does not activate

MOTE

The abowe calculations are based on principles dewlopedin the NFPAFire Protection Handbook 197 Bdition,
200%. Calculations are based on cer@in assumptions and hawe inherant limiations .

The results of such calculations may or may not hawe reasonable predictive capabiliies for a given situation,
and should only be interpreted by an infomed user.

Athough each calculation in the spreadshest has been w ifed with the results of hand calculation,

there is no absolute guarantes ofthe 3ecu@cy ofthes: calculations.

Any questions, comments, concem s, and suggestio ns, orto report an emon,s)in the spreadsheet,

please send an email to i Enns gowor mecs3 [Enee g o,
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CHAPTER 13. PREDICTING COMPARTMENT FLASHOVER

13.1 Objectives

This chapter has the following objectives:

. Explain the incipient stage of a fire.
. Characterize flashover and its stages.
. Describe how to predict the HRR required for flashover and post-flashover temperature

in a compartment.

13.2 Introduction

Following ignition, a compartment fire experiences a slow growth period, which is often referred to
as the “incipient stage.” During this stage, all of the measurable fire parameters [heat release rate
(HRR), rate of fuel or oxygen consumption, and temperature of the compartmentgases] are low and
increase at a low rate.

After the incipient stage, the fire begins to grow more rapidly, as in the parabolic fire growth curves
described by the t* fires. (See Appendix B for details.) The HRR and rate of fuel/oxygen
consumption also increase rapidly. This acceleration, in turn, also increases the compartment gas
temperature. In an adequately ventilated compartment, the rate of air entering the compartment
also increases. At some point in the history of a given fire, the rate of fire growth increases so
rapidly that all combustibles in the compartment reach their ignition temperature and become
involved in the combustion process and “flashover” is achieved. Flashoveris a complex topic and
a number of theories and calculation methods will be presented. Figure 13-1 illustrates of the post-
flashover compartment fire in which the fire is assumed to be volumetric rather than point source.

Atthe high temperatures that occurin the gas layer of a post-flashoverfire, significant radiative heat
transfer occurs from the carbon dioxide gas, water vapor, and soot particles in the smoke. The gas
layer and flames radiate to the floor, walls and ceiling, back to the fire and fuel sources, to any other
objects that may be present in the compartment, and out through any openings in the enclosure.
In addition, the heated walls, ceiling, and other heated objects are re-radiating heat back within the
enclosure.

Often, a post-flashover fire may have significant fuel to continue burning, but the air entering the
room may be limited. The fire, which might otherwise continue to grow if it were burning in
unconfined space, enters a period where it is said to be “ventilation controlled,” meaning that the
fire ceases to grow because of a lack of oxygen. The rates of fuel consumption and heat release
stall, and the compartment temperature ceases to climb as rapidly it did before flashover. These
parameters may then begin to decrease slightly as a result of the less-than-stoichiometric air-fuel
mixture. The fire may continue to decay until the air supply ratio become stoichiometric or greater,
thereby allowing further fire growth. At this point, the fire may become “fuel-controlled,” meaning
the amount of available fuel (rather than the available air supply) dictates the rate of burning.
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Figure 13-1 Flashover and Postflashover Compartment Fire

The fire may again grow to a ventilation controlled condition and continue in a transient state
alternate between ventilation and fuel control throughout the remaining active burning period of the
fire. It is during this post-flashover stage that the fire barrier system must function at its highest
efficiency to contain the fire. Eventually, the fire will enter its final fuel-controlled state as the fuel
is totally consumed and the fire decays to extinction.
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Several physical processes may be described in order to characterize the event that is frequently
referred to as flashover. Fire fighters generally recognize flashover as the condition characterized
by emission of flames through the open doorway of a fire compartment. Itis the transition from the
fire growth stage to the fully developed stage in the development of a compartment fire that is
stages demarcates pre-flashover and post-flashover. Flashover is the phenomenon that defines
the point of time at which all combustibles in the compartment are involved in the fire and flames
appear to fill the entire volume. Gas temperatures of 300 to 650 °C (572 to 1,202 °F) have been
associated with the onset of flashover, although temperatures of 500 to 600 °C (932 to 1,112 °F)
are more widely accepted.

The International Standards Organization (ISO), “Glossary of Fire Terms and Definitions” (ISO/CD
13943), defines “flashover” as “the rapid transition to a state of total surface involvement in a fire
of combustion material within an enclosure,” Flashover is the term given to the relatively abrupt
change from a localized fire to the complete involvement of all combustibles within a compartment.

Flashover is described by four fire stages. The hot buoyant plume develops during the first stage
following ignition, and then reaches the ceiling and spreads as a ceiling jet (second stage). During
the third and fourth stages, the hot layer expands and deepens, and flow through the opening is
established.

When a fire in a compartment is allowed to grow without intervention, temperatures in the hot upper
layer increase, thereby increasing radiant heat flux to all objects in the room. If a critical level of
heat flux is reached, all exposed combustible items in the room will begin to ignite and burn, leading
to arapid increase in both heat release rate and temperatures. This transition is called “flashover”.
The fire is then referred to as “post-flashover fire,” a “fully developed fire,” or a fire that has reached
“full room involvement.”

The above descriptions of flashover are somewhat general. In order to more clearly define the
specific point at which flashover occurs, we must use some definite physical characteristics:

(1) Flashover is the time at which the temperature rise in the hot gas reaches 500 °C (932 °F).
[600 °C (1112 °F) is sometimes also used to define flashover].

(2) Flashover is the time at which the radiant heat flux density at the floor of the compartment
reaches a minimum value of 20 kW/m? throughout.

(3) Flashover may be defined in terms of the rate of heat release (Q ) from the fire in

comparison to the total area of the compartment enclosing surfaces (A;), the area of any
ventilation openings (A,), and the height of any ventilation openings (H,), is illustrated by the

following expression:
Qpo /A7 H, (13-1)
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The first definition, in terms of temperature of the ceiling layer, is based upon experimental
observation. Some compartment fire tests define the flashover point as the time at which flames
justbegin to emerge through openings in the compartment. Examination of the empirical data from
testing has shown that the flame emergence point generally corresponds to a ceiling layer
temperature between 500 °C to 600 °F (932 °F to 1,112 °F).

The second definition of flashover is given in terms of heat flux at the floor of the compartment. In
essence, this definition describes the heat flux that would be necessary to establish simultaneous
ignition of most ordinary combustibles throughout the enclosure. A radiant heat flux density of 20
kW/m? is sufficient for piloted ignition of most ordinary combustibles. In most cases, a ceiling layer
at 500 °C (932 °F) will radiate to the floor at a minimum rate of 20 kW/m? in a typical compartment.

The third definition, which correlates HRR and compartment geometries, is more descriptive and
more useful for predicting the physical conditions that might be necessary to establish either of the
criteria required by the first two definitions. While researchers use different definitions for the onset
of flashover, they reach some level of agreement on the temperature and heat flux necessary for
the onset of flashover.

Hagglund, Jannson, and Onnermark (1974) experimentally observed flames exiting the doorway
when the gas temperature about 10 mm (0.40 in) below the ceiling reached 600 °C (1,112 °F).
Babrauskas (1977) applied this criterion to a series of 10 full-scale mattress fires; however, only 2
exhibited a potential to flashover the test compartment. These two mattress fires led to maximum
gas temperatures well in excess of 600 °C (1,112 °F), with flashover observed near that
temperature. In experiments conducted in a full-scale compartment at the National Bureau of
Standards (NBS), now the National Institute of Standards and Technology (NIST), Fang (1975)
reported an average upper room temperature ranging from 450 to 650 °C (842 to 1,202 °F)
provided sufficient a level of radiation transfer to result in the ignition of crumpled newspaper
indicators at floor level in the compartment. The average upper room gas temperature necessary
for spontaneous ignition of newsprint was 540 + 40 °C (1,004 £ 104 °F). It should be noted that this
average included low temperatures at the mid-height of the compartment, and that temperatures
measured 25 mm (1 in.) below the ceiling in this test series usually exceeded 600 °C (1,112 °F).

Fang (1975) also found that strips of newspaper placed at floor level in room burn tests ignited by
fluxes of 17 to 25 kW/m?, while 6.4 mm (1/4 in.) thick fir plywood ignited at 21 to 33 kW/m?. Lee and
Breese (1979) reported average heat fluxes at floor level of 17 to 30 kW/m? at flashover for full-
scale tests of submarine compartments.

The NFPA 555 “Guide on Methods for Evaluating Potential for Room Flashover,” (NFPA 555) define
as room flashover in terms of temperature rise and heat flux at floor level. According to the NFPA
guide, a gas temperature rise at flashover of 600 °C (1,112 °F) is a reasonable expectation, as is
heat flux 20 kW/m? at floor level at flashover.
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13.3 Compartment Flashover

Researchers have extensively studied the minimum HRR needed to cause flashover in a
compartment. The studies suggest that minimum rate increases with the size of the compartment
and depends, in a complex way, on the ventilation in the compartment. If there is too little
ventilation, flashover cannot occur. If there is an excessive amount of ventilation, the excess air
flow dilutes and cools the smoke, so a larger HRR is needed to reach the critical temperature
condition for flashover. The construction materials and thickness of the ceiling and upper walls are
also important factors in determining whether flashover will occur. These factors also determine
the time required for flashover in a compartment that does reach the critical temperature.

Researchers have used several approaches to estimate the onset of flashover within a
compartment. These approaches are typically based on simplified mass and energy balances in
a single-compartment fire along with correlations to fire experiments. Visually, researchers report
flashover as a discrete event in full-scale fire tests and actual fire incidents. Numerous variables
can affect the transition of a compartmentfire to flashover. Thermalinfluences are clearly important
where radiative and convective heat flux are assumed to be driving forces. Ventilation conditions,
compartment volume, and chemistry of the hot gas layer can also influence the occurrence of
flashover. Rapid transition to flashover adds to the uncertainty of attempts to quantify the onset of
flashover with laboratory measurements.

Although the flashover process is not easy to quantify in terms of measurable physical parameters,
a working definition can be formulated from the considerable body of flashover-related full-scale
fire test data accumulated from a variety of sources.

13.3.1 Method of Predicting Compartment Flashover HRR

The occurrence of flashover within a compartment is the ultimate signal of untenable conditions
within the compartment of fire origin as well as a sign of greatly increased risk to other
compartments within the structure. A number of experimental studies of full-scale fire have been
performed provide simple correlations to predict HRR required for flashover.

13.3.1.1 Method of McCaffrey, Quintiere, and Harkleroad (MQH)

McCaffrey, Quintiere, and Harkleroad (1981) found that their data for predicting compartment hot
gas temperature may extend to predict the HRR required to result in flashover in the compartment
and obtained the following expression:

QFD =610 Jfhy A h, ‘\,I'hv (13-2)
Where:

Q= heat release rate to cause flashover (kW)

h, = effective heat transfer coefficient (kW/m?-K)

A, = total area of the compartment enclosing surfaces (m?), excluding area of vent opening
A, = area of the ventilation openings (m?)

h, = height of the ventilation openings (m)
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13.3.1.2 Method of Babrauskas

Babrauskas (1980) developed a simplified relationship that represent values correlated to
experiments produce flashover. Based on the 33 compartment fire tests with HRR range from 11
to 3,840 kW with fuels primarily of wood and polyurethane, Babrauskas found that the HRR
required to cause flashover is describe by the following relation:

QFD = ?50 "'E""u-"llhu (13_3)
Where:

Q= heat release rate to cause flashover (kW)

A, = area of the ventilation openings (m?)
h, = height of the ventilation openings (m)

Equation 13-3 is an extremely simply and easy to use relation, though it does not take into account
the area and thermal properties of compartment enclosing surfaces.

13.3.1.3 Method of Thomas

Thomas (1981) (also reported by Walton and Thomas, 1995) developed a semi-empirical
calculation of the HRR required to cause flashoverin a compartment. He presented a simple model
of flashover in a compartment, which he used to study the influence of wall-lining materials and
thermal feedback to the burning items. He predicted a temperature rise of 520 °C (968 °F) and a
black body radiation level of 22 kW/m? to an ambient surface away from the neighborhood of
burning wood fuel at the predicted critical heat release rate necessary to cause flashover. Thomas’
flashover is the result of simplifications applied to an energy balance of a compartment fire.
The resulting correlation yields the minimum HRR for flashover:

Qpo =784, +3784, . h,  (13-4)

Where:

Q= heat release rate to cause flashover (kW)

A; = total area of the compartment enclosing surfaces (m?), excluding area of vent opening
A, = area of the ventilation openings (m?)
h, = height of the ventilation openings (m)

The constants in Equation 13-4 represent values derived from experiments producing flashover.
This correlation assumes that conduction has become stationary. The thermal penetration time is
long for compartments with thick concrete walls, and it is unlikely that a fire slowly and gradually
grows up to . in a number of hours. A reasonable time frame for estimating the likelihood of
flashoveris in the range of a few minutes up to around 30 minutes. We note that firefighter reaction
time is usually also within this range (Karlsson and Quintiere, 1999).
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13.3.2 Method of Predicting Compartment Post-Flashover Temperature

After flashover has occurred, the exposed surfaces of all combustibles items in the compartment
will be burning and the HRR will developed to a maximum, producing high temperatures (see Figure 13-1).
Typically, this may be as high as 1,100 °C (2,012 °F), but much higher temperatures can be
obtained under certain conditions’ (Drysdale, 1998). These will be maintained until the rate of
generation of flammable volatile begins to decrease as a result of fuel consumption. Itis during the
period of the fully developed fire that building elements may reach temperatures at which they may fail.

Thomas (1974) developed an approach to estimate peak compartment temperature based on post-
flashover enclosure fire data. Law (1978) extended this approach to include both natural and
forced ventilation through the evaluation of extensive pre-flashover compartmentfire testdata. The
results indicate that the predictions reasonably, but not exactly, predict the temperatures reported
in the test fires.

Drawing on data gathered in the Conseil Internationale du Batiment (CIB) Research Program of
fully developed compartment fires Thomas (1974) and Law (1978) found following correlation to
predict post-flashover compartment temperature with natural ventilation:

-0.1a
= i

T a000 —m0—— (13-5)

FO fmax] — -\.r'fi

CAg- A,

~

Q= heat release rate to cause flashover (kW)

(13-6)

Where:

Q = ventilation factor

A; = total area of the compartment enclosing surfaces (m?), excluding area of vent opening
A, = area of the ventilation openings (m?)

h, = height of the ventilation openings (m)

Note that Equation 13-5 does not consider variations in the thermophysical properties of
compartment enclosing surfaces.

'We occasionally encounter temperatures in excess of 1300-1400 °C (2,372-2,552 °F),
which is sufficient to cause the surface of bricks to fuse (melt). For example, the Summit Rail
Tunnel Fire (Department of Transport, 1984) produced sufficiently high temperatures to cause
the faces of brick-lined ventilation shafts to fuse.

13-7



13.4 Fire Severity

Fires burn with differing intensities and produce significant spatial variability in terms of severity.
The fundamental step in designing structures (fire barriers) for fire safety is to verify that the fire
resistance of the structure (or each part of the structure is greater than the severity of the fire to
which the structure is exposed. The verification requires that the following condition be satisfied:

FireResistance = FireSeverity

Where fire resistance is measure of the ability of the structure to resist collapse, fire spread or other
failure during exposure to a fire of specified severity, and fire severity is a measure of the potential
destructive impact of the burnout of all the available fuel in a compartment (Buchanan, 2001) most
often it defined in terms of a period of exposure to the standard test fire.

Damage to a structure is largely dependent on the amount of heat absorbed by the structural
elements. Heat transfer from post-flashover fires is primarily radiative which is proportional to the
forth power of the absolute temperature. Hence, the severity of a fire is largely dependent on the
temperatures reached and the duration of the high temperatures.

13.4.1 Method of Margaret Law

Law (1974) developed a correlation to predict fire severity (duration) based on data developed
through an international research program. The fire severity correlation predicts the potential
impact of a pos-flashover fire in terms of equivalent exposure in a fire endurance furnace fired to
follow the European equivalent standard similar to ASTM E119 and NFPA 251.

The fire severity of available fuel load in a compartment with atleast one opening can be estimated
from the following equation:
EL
= — 0+ (13-7)

I"&"IJATI

B3] =

Where:
t, = fire severity or duration (sec)
K = correlational constant
L., = total fire or fuel load in equivalent of wood (kg)
A, = area of ventilation opening (m?)
A.=total area of the compartment enclosing boundaries excluding area of vent opening (m?)
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Total fire or fuel load in compartment equivalent of wood with a given mass if given by:

. LDH, 13.8)
'eq = -
I}H-:;mnd
Where:
L., = total fire or fuel load in equivalent of wood (kg)
L = total fire or fuel load in compartment (kg)
AH_ = effective heat of combustion (kJ/kg)
AH, 00 = WOOd heat of combustion (kJ/kg)
The compartment interior surface area can be calculated as follows:
A; = ceiling + floor 2 (w,x1,)
+ 2 large walls 2 (h,x w,)
+ 2 smallwalls 2 (h,x1,)
- total area of vent opening(s) (A,)
Ar=[2 (W, x1)+2 (h,xw)+2 (h,x 1)]- A, (13-9)

Where:
A, = total compartment interior surface area (m?), excluding area of vent opening(s)
w, = compartment width (m)
|, = compartment length (m)
h, = compartment height (m)
A, = total area of ventilation opening(s) (m?)

The total area of ventilation opening is given by:

A, =w, xh, (13-10)
Where:
A, = total area of ventilation opening(s) (m?)
w, = vent width (m)
h, = vent height (m)
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13.5 Assumptions and Limitations

The methods discussed in this chapter are subject to several assumptions and limitations:

(1) The correlations were developed from a simplified mass and energy balance on a single
compartment with ventilation openings.

(2) The experimental data used to develop the correlation included compartments with
thermally thick walls and fires of wood cribs. Typically, heat transfer through compartment
surfaces is accounted for with a semi-infinite solid approximation.

(3) The fire severity correlation is not appropriate for compartment that do not have openings
for ventilation. While no precise minimum can be stated, it is suggested that this method
not be used unless the size of the opening is at least 0.4 m? (4 ft?).

13.6 Required Input for Spreadsheet Calculations

The user must obtain the following information before using the spreadsheet:
1
2

compartment width (ft)

compartment length (ft)

4 vent width (ft)

(1)
(2)
(3) compartment height (ft)
(4)
(5) vent height (ft)

13.7 Cautions

(1) Use spreadsheet (13_Compartment_ Flashover_Calculations.xls) on the CD-ROM
for calculations.

(2) Make sure input parameters are recorded in the correct units.

13.8 Summary

Flashover is a complex topic. Determination of temperatures associated with compartment fires
provides a means of assessing the likelihood of the occurrence of flashover. Danger of flashover
is assumed to occur if the analysis indicates a smoke layer temperature in excess of 450 °C
(842 °F). Typically, flashover occurs when the smoke layer temperature reaches between 500 °C
(932 °F) and 600 °F (1,112 °F). Hot smoke layers are considered to be close to black body
radiators. At 450 °C (842 °F) the radiation from the smoke would be approximately 15 kW/m?
(1.32 Btu/ft>-sec). Temperatures above the 450 °C (842 °F) level generate a higher incident heat
flux on the burning fuel in a compartment than if the fire were in the open.
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13.10 Problems
Example Problem 13.10-1

Problem Statement

Consider a compartment 20 ft wide x 25 ft long x 12 ft high (w, x I, x h_), with an opening 3 ft wide
and 8 ft high (w, x h,). The interior lining material of the compartmentis 6 in. concrete. Calculate
the HRR necessary for flashover, 13, , and the post-flashover compartment temperature, Tpp..

Solution

Purpose:

(1) Determine the heat release rate for flashover for the given compartment.

Assumptions:
(1) Natural Ventilation

Spreadsheet (FDT®) Information:
Use the following FDT*:

(a) 13_Compartment_Flashover_Calculations.xls

(click on Post_Flashover_Temperature to calculate the post-flashovertemperature)

(click on Flashover-HRR to calculate the HRR for flashover)

FDT® Input Parameters:

-Compartment Width (w,) = 20 ft
-Compartment Length (1) = 25 ft
-Compartment Height (h,) = 12 ft

-Vent Width (w,) = 3 ft
-Vent Height (h,) = 8 ft

-Interior Lining Thickness (0) = 6 in. (Flashover-HRR only)
-Select Material: Concrete (Flashover-HRR only)

Results*

Post-Flashover Compartment
Temperature (Tpro)
OC (OF)

HRR for Flashover!@:. |
(kW)

Method of Law

Method Method of Method of
of MQH Brabauskas Thomas

811 (1,492)

1,612 2,611 2,806

*see spreadsheet on next page
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Spreadsheet Calculations
(a) FDT® 13_Compartment_Flashover_Calculations.xls (Post_Flashover_Temperature)

CHAPTER 13. PREDICTING COMPARTMENT POSTFLASHOVER
TEMPERATURE
Version 1805.0

The following calculations estim ate the compatment post-flashowver temper ature.

Farmmaersin YELL OWY CELLS are Bitered by the User.

Allzubsequent output walues are calculated by the = preadsheet and based onwvalues specified in the input
parameters. This spreadsheet = protected and secure to awoid arrors due to avrong entry in a cell=).
The chapter in the NUREZ should be read before an anahsis & made.

INPUT PARAMETERS

COMPARTMENT INFORMATION
Compartment Width Qe 20,00 G056 m
Compartment Length (k) 2500\ TEZm
Compartment Heighth 12.00|n IESTE m
Wenttidth fue 2.00|r 08idm
WentH eight (hy) 2.00|r 243 m

PREDICTING COMPARTMENT POSTFLASHOVER TEMPERATURE
METHOD OF MARGARET LAW

Fek B4k | 5FPE Handboow of Fle Profecton Engheatng 37 Saifon, 2002 Page 3183

Trro mao = GOD0 1 - &0 7 £ (i)
Nihere Trfo man= Ma<imum compartment post-flashowver temper ature (°C
L= ventilation factor

here LI= (AT Ay) Ay Cvhy)
A= tatal area ofthe compatment enclosing surface boundaries excluding area of went openings (m:J
Ay = area of wentilation op ening (m:J
by = height of ventilation opening (m)

Area of Wentilation Opening Calculaion

Py = (g Che) i
Where Ay = area ofventilation opening (m™)
v = wentweidth [ m)

b = went haight (m)

Ay = 223 m”

Area of Compartment BEnclosing Suface Boundares
A= [ )+ 2 hes v + 2rhes ] - Ay )
Mhere A= total area ofthe compatment enclosing surface boundaries excluding area ofwent openings (m™)
unz = com partment weidth (m
k= comp artment le ngth (m
he = compartment height{m)
Ay = area of ventilation opening (m:J
A= 191 014 m-
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“ertilation Fadtor Caloulation

L= [AT- A001 2 (vhy)

Wihere L1= ventilation factor .
A= tatal area ofthe compatment enclosing surface boundaries excluding area of went apenings (m™)
Ay = area of wentilation op ening (m:J
by = went height {m)

Q= s422 m'®

Compartment Post-Flashowver Temperaure Caloulation
Trro man = G000 (1 - & 2wl

(T Frcimas = 511.24 °C 1432.23 °F

NOTE

The abowve caleulations are based on principles developed inthe SFPE Handbaok of Fire
Frote ction En;;|ineerin;;|.3“I Edition, 2002,

Calzulatiors are based an certain assumptions and hawve inherent limitations. The results of
such caleulgtions may or may not hawe reasonable predictive cap abiltie= for a given situation,
and s hould onby be interpreted by an informed user.

Although each calculation in the spreadsheet has been werified with the results of hand

calcul gtion, there is no abzolute guarantee of the accuracy ofthese calculations.

Ay questions, comments, concerns, and suggestions, or o report an error(s) in the
spreadshests, please send an email to rei@nre. gow or M2 @00 c.g o,
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(b) FDT®: 13_Compartment_Flashover_Calculations.xls (Flashover_ HRR)

CHAPTER 13. PREDICTING COMPARTMENT FLASHOVER HEAT RELEASE RATE
wWersion 1805.0

The Tolowhg cakeylatons estmak e mmam beat e base @e pouled o compartme it Aashover.
Parama®rs In VELLOWCELLS are Entered by the User.

Parame®res In G REEN TELLS ars Automatically Selscted from e DROP oA MENU for the Materlal Selectad.
Allsntgequentontprtvales are cakon lated bry the s preads ke e tavd based on vale s specified b the it

parame® s, Thk speadsiestt proteced and secnm B avokl errors dee ©awrong & ity b ac 1E.

The chapte 1l e NUREG shonkl b gad betor ay aiakik b made.

INPUT PARAMETERS

ComparmentWEt W

Comparm ent Le nggth (13
Comparment Hekphtih s

et KR

wentHe kbt b

I rbrLinhg Thkkess @

I rbrLinkg The mal Cordectivly &5

20.00)
25.00
12.00)
3.00
2.00

a.0af
000 1 6[kWdm-k

Calculde

EREEEEEEE]

3

THERMAL FROFERTIES DATA

The m alondietiy [Select Material
Material
I AL | ot g
Almleem s 0208 Seroll © deslredmakral then Click on sslection
Shee | DA% Cabon 005l
Coucre 00016
Erick 00005
Glai: Plake 000076
Brick Cowcrete Block  |000073
Gypsnm Boarl 000017
Plwaasl 000012
Fr=r1 s vlation Board 000053
b phoand 000015
Seraked Concre e 000026
Plask moarnd 000016
Cachm Slicak Board (000013
Alemva Slicak Blck (000014
Glass Fher hivlatoy  |0.000037
Ecpe ik Pokityrens (0000034
Use rSpechikd vahe Evirvale
Fe®rere: Hobe . M

b, Srincioie s of Smokes Maregement, 2008 Sape 270,
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PREDICTING FLASHOVER HEAT RELEASE RATE
METHOD OF McCAFFREY, QUINTIERE, AHD HARKLEROAD (MOH )

ReRrerce | SEFPS Hnaook of S Sotection Sngineenng 3 Sation, 2002 Page > 02

0, .= 610 wh, A A (vh0)
here 0. = heat release rate necessany for 1ashowver A7)
h. = efiedive heat transer coeficient Johim- k)
A = total area of the comparment endosing surace boundanies emcluding area of went opening s (m™)
A = area of wentilation opening (m’)
h. = height of wentilation a pening (m)

Hezt Tramsfer Coefficiert Caloulation
h. = k& Bzzuningthat compartment has been heated thoroughly before flashowver, e, t =1,
Mihere h. = efiedtive heat trans#er coeficient Joibim- k)

k = interior lining themal conductiwity kim- K

& = interor lining thickness (m

h, = 0040 k- K
Brea of Ventilation Opening Cal culstion
A=
Mhere A, = area of ventilation opening (M)
w = went width (m)
h, = went height (m)
A= 2.23 m

Brea of Compartrnent Enclosing Surface Boundaries
A= 2w L3+ 2thew T+ 2the w10 - A
Mihere A = total area of the comparment endosing surace boundaries emcluding area of went opening s (m™)
w . = compartment width (M)
|. = comparment length (m)
h. = comparment height (m))
A= ared of wentilation opening (M)
A= 131 m

Minirnurn Heat Release Ratefor Flashover
0= 610 wh, A A Cvh D
[@..= 611 B4 ke

METHOD OF BABRAUSKAS

ReRrence | SEFS Hnoook of S Sotection Sogineering, 3 Edllon, 2002, Page 134

0,.=750 A (vh)

here Q... = heat release rate necessany for 1ashower A7)
A= ared of ventilation opening (m)
h, = height of wentilation o pening (m}

Minirmun Heat Releaze Ratefor Flashover
0= 750 A (vh)

[@..= ZE1129 kW
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METHOD OF THOMAS

Re®rerce | SFFS Hinavool of e Petaction Sagineaning, 2 Bllkn, 2002, Page 3184

o= 7.8 A+ 378 Auh )

here Q' = heat release rate necessany for 1ashowver A7)
A = total area of the comparment endosing surace boundaries emcluding area of went opening s (m)
A = ared of wventilation opening (m)
h. = height of wentilation o pening (m)

Minirmun Heat Release Ratefor Flashover

o= 7.8 A+ 378 A uh )

[oe= 2805 36 K ||m

Surmmarv of Result

Taleul aton Methog Hazhower HRR [RW]

METHOD OF MGH 1612
kETHDD OF BAEBRA USKAS 2611
METHOD OF THOMAS 2808

NOTE

The abowe calelations are ba=sed on principles developed inthe SFPE Handbook of Fire
Protection Engineering, 2 Edition, 2002,

Caloulations are ba=ed on cermin assumptions and hawe inherent limiatons. The resolts
of zuch calculations may or may not hawe reasonable predictive capabiliies for a3 given
situation, and should only be interpreted by an informed user.

Athough each calculation in the spreadsheet has been werfied with the reautts of hand
calaulation, there is no absolute guarantee ofthe accur@ecy ofthese calou lations.

Ay questions, comments, concems, and suggestions, or to report an emorns) in the
spreadshests, please send anemail to nai @ go v or mas3Enne go .
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Example Problem 13.10-2

Problem Statement

Consider a compartment 20 ft wide x 25 ft long x 12 ft high (w, x I, x h_), with an opening 3 ft wide
and 8 ft high (w, x h,). The interior lining material of the compartmentis 5/8 in. gypsum. Calculate
the HRR necessary for flashover, 13, , and the post-flashover compartment temperature, Tpp..

Solution

Purpose:

(1) Determine the heat release rate for flashover for the given compartment.

Assumptions:
(1) Natural Ventilation

Spreadsheet (FDT®) Information:
Use the following FDT®:

(a) 13_Compartment_Flashover_Calculations.xls

(clickon Post_Flashover_Temperature to calculate the post-flashover temperature)

(click on Flashover-HRR to calculate the HRR for flashover)

FDT® Input Parameters:

-Compartment Width (w
-Compartment Length (|

20 ft
25 ft

-Compartment Height (h,) = 12 ft

-Vent Width (w,) = 3 ft
-Vent Height (h,) = 8 ft

-Interior Lining Thickness (8) = .63 in. (Flashover-HRR only)
-Select Material: Gypsum Board (Flashover-HRR only)

Results*

Post-Flashover Compartment
Temperature (Tpro)
"C (°F)

HRR for Flashover!@: |
(kW)

Method of Law

Method Method of Method of
of MQH Brabauskas Thomas

811 (1,492)

1,621 2,611 2,806

*see spreadsheet on next page
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Spreadsheet Calculations

(a) FDT® 13_Compartment_Flashover_Calculations.xls (Post_Flashover_Temperature)

CHAPTER 13. PREDICTING COMPARTMENT POSTFLASHOVER
TEMPERATURE
Version 1805.0

The following calculations estim ate the compatment post-flashowver temper ature.

Farmmaersin YELLOW CELLS are Bntered by the User.

Allzubsequent output walues are calculated by the = preadsheet and based onwvalues specified in the input
parameters. This spreadshest s protected and secure to awoid errors due to awrong entry in 3 celi=).
The chapter in the NUREG should be read before an anahsis & made.

INPUT PARAMETERS

COMPARTMENT INFORMATION
Compartme nt W'idth () 2000 G006 m
Compartment Length (k) 25.00|n TEZm
Campartment Height( ha 1200\ IESTE m
Wenttidth fue 2.00|r osidm
Want H eig bt (hy) 2.00|n ZAFEm

PREDICTING COMPARTMENT POSTFLASHOVER TEMPERATURE
METHOD OF MARGARET LAW

Fe® B 12 5FPE Handook of Fie Profcion Engheading 377 S0Vfon, 2002 Page 3183,

Teeo ma = BO00 (T - 6~ "™ 1 (i)
hare Trro iman= Maimum compartment post-flashower temper ature (°C)
L= ventilation factor

here LI= (AT ) Ay Cvh)
A= total area ofthe compatment enclosing surface boundaries excluding
Ay = area of wentilation op ening (m:J
by = height of ventilation opening {m)

Area of Wentilation Opening Calculaion

Py = e Cheld i
Where Ay = area of ventilation opening (m™)
e = wentwidth [ m)

b =wernt haight Cm)

Ay = 223 m”

Arem of Compartment Bnclosing Surface Boundanes
A= 2w )+ 2Res v + 2hes )] - Ay
Mhere A= total area ofthe compatment enclosing surface boundaries excluding
e = com partment weidth (m
k= compartment length {m)
he= compartment height{m)
Ay = area of wentilation op ening (rn:J
Ar= 191101 m-
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“ertilation Fadtor Caloulation

L= [AT- A001 2 (vhy)

Wihere L1= ventilation factor .
A= tatal area ofthe compatment enclosing surface boundaries excluding area of went apenings (m™)
Ay = area of wentilation op ening (m:J
by = went height {m)

Q= s422 m'®

Compartment Post-Flashowver Temperaure Caloulation
Trro man = G000 (1 - & 2wl

(T Frcimas = 511.24 °C 1432.23 °F

NOTE

The abowve caleulations are based on principles developed inthe SFPE Handbaok of Fire
Frote ction En;;|ineerin;;|.3“I Edition, 2002,

Calzulatiors are based an certain assumptions and hawve inherent limitations. The results of
such caleulgtions may or may not hawe reasonable predictive cap abiltie= for a given situation,
and s hould onby be interpreted by an informed user.

Although each calculation in the spreadsheet has been werified with the results of hand

calcul gtion, there is no abzolute guarantee of the accuracy ofthese calculations.

Ay questions, comments, concerns, and suggestions, or o report an error(s) in the
spreadshests, please send an email to rei@nre. gow or M2 @00 c.g o,
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(b) FDT®: 13_Compartment_Flashover_Calculations.xls (Flashover_ HRR)

CHAPTER 13. PREDICTING COMPARTMENT FLASHOVER HEAT RELEASE RATE
wWersion 1805.0

The Tollowhg caken latons estnak e minom beat @ base e wouied o compartm e it fashover,

Parama®rs In VELLOWCELLS are Entered by the User.

Parame®res In G REEN TELLS ars Automatically Selscted from e DROP oA MENU for the Materlal Selectad.
Allsntgequentontprtvales are cakon lated bry the s preads ke e tavd based on vale s specified b the it

parame®rz. Thk spradsieet b proteced and secum o avokl ermors dee © awrong & iy e a o g,
The chapte rlv tie NUREG shorkl e Ead ke tor ay arakik Emaie.

INPUT PARAMETERS

T ——————
COMPARTMENT INFSRMATION

ComparmentWEt W 20.00|n G0 M
Comparm ent Le nggth (13 25000 TEZm
Comparment Hekphtih s 12,000 AESTE M
e ntW kL ov 3.00[n DEem
wentHe kbt b &.00n Zadm
I rorLinhg Thickeess & 0.63[In 0015002 m
I rbrLinkg The mal Cordectivly &5 0.000 17 [kWm-F

Calculde

THERMAL FROFERTIES DATA

The m alondiety [Select Material
Material
I AL | wipoum Board g
Almleem s 0208 Seroll © deslredmakral then Click on sslection
Shee | DA% Cabon 005l
Concre 00016
Erick 00005
Glai: Plake 000076
Brick Coverets Block  [000073
Gypsam Boarl 0.00017
Plwaasl 000012
Frer iz vlaton Boand  |000053
b phoand 000015
Seraked Concre e 000026
Plask moarnd 000016
Cachm Slicak Board (000013
Alemva Slicak Blck (000014
Glazs Fher isnlatoy  |0.000037
Ecpe ik Pokityrens (0000034
Uze 1S chikd Vahe Enervahe

Reterere: Mobs o, o MR, Srincoie s of Smoke Maregement, 2008 Sape 2700
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PREDICTING FLASHOVER HEAT RELEASE RATE
METHOD OF McCAFFREY, QUINTIERE, AHD HARKLEROAD (MOH )

ReRrerce | SEFPS Hnaook of S Sotection Sngineenng 3 Sation, 2002 Page > 02

0, .= 610 wh, A A (vh0)
here 0. = heat release rate necessany for 1ashowver A7)
h. = efiedive heat transer coeficient Johim- k)
A = total area of the comparment endosing surace boundanies emcluding area of went opening s (m™)
A = area of wentilation opening (m’)
h. = height of wentilation a pening (m)

Hezt Tramsfer Coefficiert Caloulation
h. = k& Bzzuningthat compartment has been heated thoroughly before flashowver, e, t =1,
Mihere h. = efiedtive heat trans#er coeficient Joibim- k)

k = interior lining themal conductiwity kim- K

& = interor lining thickness (m)

h, = 0011 k- K
Brea of Ventilation Opening Cal culstion
A=
Mhere A, = area of ventilation opening (M)
w = went width (m)
h, = went height (m)
A= 2.23 m

Brea of Compartrnent Enclosing Surface Boundaries
A= 2w L3+ 2thew T+ 2the w10 - A
Mihere A = total area of the comparment endosing surace boundaries emcluding area of went opening s (m™)
w . = compartment width (M)
|. = comparment length (m)
h. = comparment height (m))
A= ared of wentilation opening (M)
A= 131 m

Minirnurn Heat Release Ratefor Flashover
0 o= 610 wihe & A (vh
lo..- 162140 ki

METHOD OF BABRAUSKAS

ReRrence | SEFS Hnoook of S Sotection Sogineering, 3 Edllon, 2002, Page 134

0,.=750 A (vh)

here Q... = heat release rate necessany for 1ashower A7)
A= ared of ventilation opening (m)
h, = height of wentilation o pening (m}

Minirmun Heat Releaze Ratefor Flashover
0= 750 A (vh)

[@..= ZE1129 kW
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METHOD OF THOMAS

Re®rerce | SFFS Hinavool of e Petaction Sagineaning, 2 Bllkn, 2002, Page 3184

o= 7.8 A+ 378 Auh )

here Q' = heat release rate necessany for 1ashowver A7)
A = total area of the comparment endosing surace boundaries emcluding area of went opening s (m)
A = ared of wventilation opening (m)
h. = height of wentilation o pening (m)

Minirmun Heat Release Ratefor Flashover

o= 7.8 A+ 378 A uh )

[oe= 2805 36 K ||m

Surmmarv of Result

Taleul aton Methog Hazhower HRR [RW]

METHOD OF MGH 1621
kETHDD OF BAEBRA USKAS 2611
METHOD OF THOMAS 2808

NOTE

The abowe calelations are ba=sed on principles developed inthe SFPE Handbook of Fire
Protection Engineering, 2 Edition, 2002,

Caloulations are ba=ed on cermin assumptions and hawe inherent limiatons. The resolts
of zuch calculations may or may not hawe reasonable predictive capabiliies for a3 given
situation, and should only be interpreted by an informed user.

Athough each calculation in the spreadsheet has been werfied with the reautts of hand
calaulation, there is no absolute guarantee ofthe accur@ecy ofthese calou lations.

Ay questions, comments, concems, and suggestions, or to report an emorns) in the
spreadshests, please send anemail to nai @ go v or mas3Enne go .
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Example Problem 13.10-3

Problem Statement

Consider a compartment 20 ft wide x 25 ft long x 12 ft high (w, x I, x h_), with an opening 6 ft wide
and 8 ft high (w, x h,). The interior lining material of the compartmentis 6 in. concrete. Calculate
the HRR necessary for flashover, 13, , and the post-flashover compartment temperature, Tpp..

Solution

Purpose:

(1) Determine the heat release rate for flashover for the given compartment.

Assumptions:
(1) Natural Ventilation

Spreadsheet (FDT®) Information:
Use the following FDT®:

(a) 13.1_Compartment_Flashover_Calculations.xls

(clickon Post_Flashover_Temperature to calculate the post-flashover temperature)

(click on Flashover-HRR to calculate the HRR for flashover)

FDT® Input Parameters:

-Compartment Width (w
-Compartment Length (|

20 ft
25 ft

-Compartment Height (h,) = 12 ft

-Vent Width (w,) = 6 ft
-Vent Height (h,) = 8 ft

-Interior Lining Thickness (8) = 6 in. (Flashover-HRR only)
-Select Material: Concrete (Flashover-HRR only)

Results*

Post-Flashover Compartment
Temperature (Tpro)
"C (°F)

HRR for Flashover!@: |
(kW)

Method of Law

Method Method of Method of
of MQH Brabauskas Thomas

1084 (1,982)

2,266 5,223 4,105

*see spreadsheet on next page
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Spreadsheet Calculations
(a) FDT® 13_Compartment_Flashover_Calculations.xls (Post_Flashover_Temperature)

CHAPTER 13. PREDICTING COMPARTMENT POSTFLASHOVER
TEMPERATURE
Version 1805.0

The following calculations estim ate the compatment post-flashowver temper ature.

Farmmaersin YELL OWY CELLS are Bitered by the User.

Allzubsequent output walues are calculated by the = preadsheet and based onwvalues specified in the input
parameters. This spreadsheet = protected and secure to awoid arrors due to avrong entry in a cell=).
The chapter in the NUREZ should be read before an anahsis & made.

INPUT PARAMETERS

COMPARTMENT INFORMATION
Compartment Width Qe 20,00 G056 m
Compartment Length (k) 2500\ TEZm
Compartment Heighthd 1200\t IESTEm
Wenttidth fue 00|t 1528 m
Want H eight (hy) 2.00|r ZAFE m

PREDICTING COMPARTMENT POSTFLASHOVER TEMPERATURE
METHOD OF MARGARET LAW

Fek B4k | 5FPE Handboow of Fle Profecton Engheatng 37 Saifon, 2002 Page 3183

Trro mao = GOD0 1 - &0 7 £ (i)
Nihere Trfo man= Ma<imum compartment post-flashowver temper ature (°C
L= ventilation factor

Nrhere LI= (Ag- A0 0 Ay Cvhy)
A= tatal area ofthe compatment enclosing surface boundaries excluding area of went openings (m:J
Ay = area of wentilation op ening (m:J
by = height of ventilation opening (m)

Area of Wentilation Opening Calculaion

= ) Che) i
Where Ay = area ofventilation opening (m™)
v = wentweidth [ m)

b = went haight (m)

Ay = 445 m”

Area of Compartment BEnclosing Suface Boundares
A= [200ex 1+ ke ] +20hes L] - Ay .
Mhere A= total area ofthe compatment enclosing surface boundaries excluding area ofwent openings (m™)
unz = com partment weidth (m
k= comp artment le ngth (m
he = compartment height{m)
Ay = area of ventilation opening (m:J

Ar= 12278 m
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“ertilation Fadtor Caloulation

L= [AT- A001 2 (vhy)

Wihere L1= ventilation factor .
A= tatal area ofthe compatment enclosing surface boundaries excluding area of went apenings (m™)
Ay = area of wentilation op ening (m:J
by = went height {m)

Q= 2647 m'"

Compartment Post-Flashowver Temperaure Caloulation
Trro man = G000 (1 - & 2wl

(T Frcimas = 108357 °C 1332.42 °F

NOTE

The abowve caleulations are based on principles developed inthe SFPE Handbaok of Fire
Frote ction En;;|ineerin;;|.3“I Edition, 2002,

Calzulatiors are based an certain assumptions and hawve inherent limitations. The results of
such caleulgtions may or may not hawe reasonable predictive cap abiltie= for a given situation,
and s hould onby be interpreted by an informed user.

Although each calculation in the spreadsheet has been werified with the results of hand

calcul gtion, there is no abzolute guarantee of the accuracy ofthese calculations.

Ay questions, comments, concerns, and suggestions, or o report an error(s) in the
spreadshests, please send an email to rei@nre. gow or M2 @00 c.g o,
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(b) FDT®: 13_Compartment_Flashover_Calculations.xls (Flashover_ HRR)

CHAPTER 13. PREDICTING COMPARTMENT FLASHOVER HEAT RELEASE RATE
wWersion 1805.0

The Tollowhg caken latons estnak e minom beat @ base e wouied o compartm e it fashover,

Parama®rs In VELLOWCELLS are Entered by the User.

Parame®res In G REEN TELLS ars Automatically Selscted from e DROP oA MENU for the Materlal Selectad.
Allsntgequentontprtvales are cakon lated bry the s preads ke e tavd based on vale s specified b the it

parame®rz. Thk spradsieet b proteced and secum o avokl ermors dee © awrong & iy e a o g,
The chapte rlv tie NUREG shorkl e Ead ke tor ay arakik Emaie.

INPUT PARAMETERS

ComparmentWEt W

Comparm ent Le nggth (13
Comparment Hekphtih s

et KR

wentHe kbt b

I rbrLinhg Thkkess @

I rbrLinkg The mal Cordectivly &5

20.00)
25.00
12.00)
6.00
2.00

a.0af
000 1 6[kWdm-k

Calculde

EREEEEEEE]

3

THERMAL FROFERTIES DATA

The malCondwctiy |Select Material
Material
kg m - | come rets K
Almleem s 0208 Seroll © deslredmakral then Click on sslection
Stee D3N Cabon 0.051
Concre e 00016
Brick 0.0003
Glas: Plak 000076
Brick Concrete Block  [000073
Gypsam Boarl 000017
Plywaood 00012
Fher s vty Board  [0.00053
b phoand 000013
Gerakd Concre 000026
Plazk haand 000016
Cachm Sllicak Board (000013
Al lva Slicak Blck (000014
Glass Fher havaton 00000357
Ecpe ik Pokityrens (0000034
Uge rSpschbd vane  [Exervahe

Reterere: Mobs o, o MR, Srincoie s of Smoke Maregement, 2008 Sape 2700

13-28

B0 m
TEZIm
AESTE M
1528 m
Z4dm

DIsZ4m



PREDICTING FLASHOVER HEAT RELEASE RATE
METHOD OF McCAFFREY, QUINTIERE, AHD HARKLEROAD (MOH )

ReRrerce | SEFPS Hnaook of S Sotection Sngineenng 3 Sation, 2002 Page > 02

0, .= 610 wh, A A (vh0)
here 0. = heat release rate necessany for 1ashowver A7)
h. = efiedive heat transer coeficient Johim- k)
A = total area of the comparment endosing surace boundanies emcluding area of went opening s (m™)
A = area of wentilation opening (m’)
h. = height of wentilation a pening (m)

Hezt Tramsfer Coefficiert Caloulation
h. = k& Bzzuningthat compartment has been heated thoroughly before flashowver, e, t =1,
Mihere h. = efiedtive heat trans#er coeficient Joibim- k)

k = interior lining themal conductiwity kim- K

& = interor lining thickness (m

h, = 0040 k- K
Brea of Ventilation Opening Cal culstion
A=
Mhere A, = area of ventilation opening (M)
w = went width (m)
h, = went height (m)
A= 4.45 m

Brea of Compartrnent Enclosing Surface Boundaries
A= 2w L3+ 2thew T+ 2the w10 - A
Mihere A = total area of the comparment endosing surace boundaries emcluding area of went opening s (m™)
w . = compartment width (M)
|. = comparment length (m)
h. = comparment height (m))
A= ared of wentilation opening (M)
A= 18878 m

Minirnurn Heat Release Ratefor Flashover
0= 610 wh, A A Cvh D
[@..= FIEE A4 kW

METHOD OF BABRAUSKAS

ReRrence | SEFS Hnoook of S Sotection Sogineering, 3 Edllon, 2002, Page 134

0,.=750 A (vh)

here Q... = heat release rate necessany for 1ashower A7)
A= ared of ventilation opening (m)
h, = height of wentilation o pening (m}

Minirmun Heat Releaze Ratefor Flashover
0= 750 A (vh)

[@..= 522253 kW
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METHOD OF THOMAS

Re®rerce | SFFS Hinavool of e Petaction Sagineaning, 2 Bllkn, 2002, Page 3184

o= 7.8 A+ 378 Auh )

here Q' = heat release rate necessany for 1ashowver A7)
A = total area of the comparment endosing surace boundaries emcluding area of went opening s (m)
A = ared of wventilation opening (m)
h. = height of wentilation o pening (m)

Minirmun Heat Release Ratefor Flashover

o= 7.8 A+ 378 A uh )

Moa= H04EE kW IIM

Surmmarv of Result

Taleul aton Methog Hazhower HRR [RW]

METHOD OF MGH 22EE
kETHDD OF BAEBRA USKAS 5223
METHOD OF THOMAS 4105

NOTE

The abowe calelations are ba=sed on principles developed inthe SFPE Handbook of Fire
Protection Engineering, 2 Edition, 2002,

Caloulations are ba=ed on cermin assumptions and hawe inherent limiatons. The resolts
of zuch calculations may or may not hawe reasonable predictive capabiliies for a3 given
situation, and should only be interpreted by an informed user.

Athough each calculation in the spreadsheet has been werfied with the reautts of hand
calaulation, there is no absolute guarantee ofthe accur@ecy ofthese calou lations.

Ay questions, comments, concems, and suggestions, or to report an emorns) in the
spreadshests, please send anemail to nai @ go v or mas3Enne go .
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